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Preface 



The aim of this volume is to offer a balanced overview of Rydberg 
spectroscopy as it has developed over the last decades. Recent evolution has split 
Rydberg spectroscopy into two apparently distinct fields: the one concerned with the 
low (n = 3—5) Rydberg states, the other with very high (typically n > 150) Rydberg 
states. The former is looking at spectral levels where Rydberg, valence-shell and 
intennediate type states intermingle and interact, with a variety of photochemical 
consequences. The latter considers the states extremely close to the ionization energy 
whence ionization is possible with a very slight amount of additional energy. Recently 
invented techniques make it possible to produce ions in selected states, electronic, 
vibrational and rotational, including states produced by spin-orbit or Jahn-Teller 
splitting, and study the structure and reactions of such state-selected ions as well as 
that of the originating neutral molecules. These techniques amount to badly needed 
high resolution photoelectron spectroscopy. 

Books and reviews exist in both fields. 

The originality of the present volume, if any, consists in giving comparable 
weight to both low- and high Rydberg spectroscopies. It aims at providing a glance at 
the whole of molecular Rydberg spectroscopy in one volume. 

Our contributors are among the most prominent protagonists of this double 
field. While the slate could not be complete, it is considered to be highly 
representative. 

The editor expresses his thanks to all the contributors and his special 
appreciation for good advice from some of them, in particular Professors Helro 
Lefebvre-Brion, Sigrid D. Peyerimhoff, and F. Grein. Last but not least he thanks 
Carol St- Vincent Major for her excellent secretarial work. 

We recommend our volume to the benevolent consideration of our lectors. 

Montreal, July 1998. 

C. Sandorfy 
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Rydberg 



Johannes Robert (Janne) Rydberg was bom on November 8, 1854, in 
Halmsiad, Sweden, the son of Maria Beata Andersson and Sven Rydberg. His father 
died when he was only four years old and he was brought up by his mother under 
difficult circumstances. Yet, Rydberg turned out to be an excellent student at all 
levels, especially at Lund University where he obtained his PhD degree in 1879 and 
was appointed decent in mathematics. Later he became a physicist and endeavored to 
gain insight into the structure of matter through the regularities of the spectral lines of 
atoms. As is known these regularities became the starting point of Bohr’s atomic 
structure theory followed by the phenomenal evolution of quantum physics. 

Rydberg died in 1919. We are inserting at this point the main part of the 
obituary which Nature devoted to him in its vol. 105, June 24, 1920 issue, (p. 525) 
“Obituary. 

Prof. J. R. Rydberg, For Mem. R.S. 

Prof. J. R. Rydberg, who died in December last after a long illness, made an 
enduring contribution to science by his investigations of the arrangement of lines in the 
spectra of the elements. Rydberg was one of the earliest workers on this subject, and 
he entered upon it with a full realization of its significance in relation to the structure of 
atoms and molecules. His classical memoir, “Recherches sur la Constitution des 
Spectres d' Emissions des Elements Chimiques,” was presented to the Swedish 
Academy in 1889, but he appears to have arrived at his well-known general formula 
before the announcement by B aimer, in 1885, of the formula connecting the lines of 
hydrogen. 

Notwithstanding the imperfect spectroscopic tables then at his disposal, 
Rydberg discovered most of the important properties of series spectra, including the 
relation between corresponding series in the spectra of related elements, and fore- 
shadowed discoveries which were made later, when experimental work has 
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sufficiently advanced. Some of the features noted by Rydberg were observed about 
the same time by Kayser and Runge, but his work had the special merit of connecting 
different series in the spectrum of the same element into one system, which could be 
represented by a set of simple formulae having but few adjustable constants. He 
especially insisted that the hydrogen constant, now generally called the "Rydberg 
constant ” should appear in the formulae for all series and, apart from slight variations 
from element to element suggested by the theoretical work of Bohr, nearly all 
subsequent attempts to improve the representation of series have involved this 
supposition, and have had Rydberg’s formula as a basis. 

Other valuable contributions to the subject were made by Rydberg, but the 
memoir above mentioned is the most comprehensive of his published papers; it is a 
perfect model of a scientific investigation, and may s dll be read with advantage by all 
students of physics. 

Much attention was also given by him to the chemical and physical properties 
of the elements in relation to the periodic system, and in 1913 he published his 
suggestive memoir, "Untersuchungen iiber das System der Grundstoffe.” His later 
work in this connection was seriously interrupted by ill-health.” 

Several accounts of Rydberg’s life and achievements exist in Swedish 
language. Two of them, written in English, are known to the writer of these lines. 
The one by Sister St-John Nepomucene was published in I960 in Chymia, Vol. 6, 
pp. 127-145; the other by Paul C. Hamilton appeared in 1993 in “Center on the 
Periphery. Historical Aspects of 20th Century Swedish Physics. (Science History 
Publications, USA. Svante Lindqvist, editor.) Both authors dealt at length with 
Rydberg’s contributions and with his fight for recognition with some of his colleagues 
who failed to realize the decisive importance of his works. Actually he only became a 
full professor (ordinarius) in 1901. In 1919, year of his death, he was elected a 
foreign member of the Royal Society of London. 
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I am taking over from the above mentioned authors the ^praisal of Danish 
Professor Christiansen from Copenhagen who acted as one of the referees when 
Rydberg's appointment to full professorship at Lund University was discussed. (In 
1899 ). 

“...I arrived at the thoroughly clear conviction that I ought to place Docent 
Rydberg first on the list.” 

‘The consideration, that has guided me, was essentially the following; 
different men can work with equal energy on scientific tasks and nevertheless an 
extraordinary difference is noticeable, when the results of their works are examined; a 
few grasp, with fortunate hand, the great problems, which the works of their 
antecessors have brought so far, that it has been possible to obtain results of far- 
reaching consequence, which open new possibilities to research, and give to all 
existing collections of materials a new, often not suspected worth. Others, on the 
contrary, woik perhaps with great assiduity and talent on tasks, which are not yet ripe 
for solution, the fruit of the labours being isolated results, no doubt of importance, but 
perhaps only after a time influencing the total. Therefore they soon stand still, because 
they find the way impracticable and are freed to take new points of departure.” 

‘"Men, belonging to the first category, not only exercise great influence on the 
progress of science, but are also to a particular extent capable of stimulating their 
scholars, who feel themselves raised and brought forward, as they find themselves 
able to contribute to the attaining of great aims. Now it cannot be denied that Docent 
Rydberg has shown that be is able to set a high aim to himself and to work for it with 
indefatigable energy. The results, which he has already attained, are indeed highly 
appreciated by all, who have the necessary pre-requirements to value them,”... ‘1 do 
not at all understand that anyone should consider it a deficiency in Docent Rydberg 
that he has worked up materials already existing. I should think, as a physicist, that it 
would have been a legitimate reproach, had he not proceeded in this way. It was 
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exactly his duly to woik up the extraordinarily great and for the most part excellent 
material, before he passed over to experimental investigations in this direction. His 
qualifications as an experimental physicist Docent Rydberg has quite sufficiently 
evinced through earlier researches and more especially through those of his works, 
which are connected with the investigations upon diffraction spectra, among the rest 
through the photographs taken by him of spectra.'’ 

‘T deem it unnecessary to give an analysis of the works of Docent Rydberg; 
their principal results form, however, the basis of all investigations on the regularity in 
Spectrum Analysis and have as such passed over in the manuals. They can in the 
main be expressed through a few and simple propositions, but their importance 
becomes evident only, when we compare the stale before and after the publication of 
his treatise and when we consider the labour it has cost lo attain this, whereof the 
memoir of Docent Rydberg of 1890 bears sufficient witness.” 

Hamilton cites two of the most famous German spectroscopisls of the time 
whose endeavors were similar to Rydberg’s. 

Heiruich Kayser from Bonn, also in 1899 wrote this: 

”... Your work and that of Runge’s and mine, have independently aimed at the same 
goal and have reached it to about equal degree. You have taken the quickest way in 
using already-existing measurements. Many before you have tried the same thing in 
vain. You have succeeded superbly. I have always had to admire your sharp eye, 
with whose help you discovered all conformities to the (spectral) law from the faulty 
material that you had at your disposal. But that sharp eye is the distinctive mark of 
genuine scientific thinking. Helmholtz used to say: a main requirement for a physicist 
would be “wit,” that is, the ability to recognize similarities that others overlook. This 
ability you have proven to possess in a superb way in your work “Recherches sur la 
Constitution.” 



Karl Runge from Hannover had this to say: 




*1 state without reservation that I have the highest admiration for your spectro- 
analytical woik. This admiration is to a large measure based on the fact that you 
discovered the regularities in the spectra of elements through an examination of the 
Iben-existing, manyfold deficient cAservations. Your work proves a very outstandii^ 
c^^abiJity in the art of evaluation of laboratory observations in a proper way, an art, 
that in my opinion, is equally important both for the experimental as well as the 
theoretical physicist For example, I find it admirable, that you discovered the second 
triplet series in the strontium spectrum based on Kayser's and my observations, one 
that we missed even though we had directed our attention especially to these series. 
Also, regarding the new series in the spectrum of magnesium, which you announced, 
I have been convinced by later observations that you were completely correct, and 
Kayser and I were wrong when we disputed this series. 

Sister St-John ended her essay with a reference to the Rydberg centennial 
Conference on Atomic Spectroscopy which took place in Lund in 1954. 

*‘Dr. William F. Meggers, Chief of the Spectroscopy Section of the National 
Bureau of Standards said, “I deem it is the greatest honor of my life to save as 
President of this memorable Conference. Niels Bohr spoke on “Rydberg's Discovery 
of the Spectral Laws,” and Wolfgang Pauli on “Rydberg and the Periodic System of 
the Elements.” But even above all that resounds the echo of the work Rydbe^ 
acconqjlished. It is necessary to mention only some of them, the introduction of the 
concept of spectral terms (later interpreted as quantized atomic energy states) and 
limits, the realization that the terms of spectral series are functions of successive 
integers, the Rydberg-Schuster law, the Rydberg-Ritz combination principle, above 
all, the Rydberg constant, known accurately to about one part in ten million. One 
realizes how clearly Rydberg attained at least one of his objectives, not “to develop 
proper interpolation formula for each individual series, but rather, by using the 
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smallest number of specific constants in his compulations, to trace universal 
relationships." 

Rydberg’s name is and will be remembered as long as science exists on our 

planet. 



I am deeply indebted to Professor Bengt Nagel from the Royal Institute of 
Technology, Stockholm, who draw my attention to the more important biographical 
works on Rydberg and gave me valuable advice in this matter. Help by Dr. Paul C. 
Hamilton is also gratefully acknowledged. 

The above mentioned extracts from “Center of the Periphery", Chymia, and 
Nature are reproduced by permissions from the Publishers; Science History 
Publications, the University of Pennsylvania Press, and Nature (Macmillan 
Magazines), respectively. 



C. Sandorfy 




Prelimioaries. 



C. Sandorfy 

Departement de Qiimie, Universite de Montreal 
Montreal, Quebec, Canada H3C 3J7 

1. What is Rydberg? 

Johannes Robert Rydberg (1854-1919) was a Swedish physicist, who made 
very important contributions to atomic spectroscopy at his time. Any chemistry or 
physics student would know about Lyman, Balmer, Paschen, Brackett, Pfund,... 
series of atomic hydrogen. These are series of electronic transitions from the ground 
slate to excited slates with increasing principal quantum numbers, n. In Herzberg’s 
words (1) “More and more highly excited states are obtained by bringing an electron 
from one of the orbitals filled in the ground state to higher and higher orbitals. These 
higher atomic orbitals are more and more like atomic orbitals and therefore give rise to 
Rydberg series of electronic states whose limit corresponds to the complete removal of 
the electron considered, i.e. to an ionization limit, Ip, of the molecule.”. So 
“Rydberg series” became a generic term for designating such series. The above 
mentioned students also know about the Rydberg formula, the Rydberg correction, 5, 
(or quantum defect), the Rydberg constant (R): 

We also speak about Rydberg transitions, Rydberg states and orbitals, even Rydberg 

electrons, just as we speak about G or Tt electrons, even though all electrons are 

supposed to be equal. So J. R. Rydberg's name is well remembered, a fact that 

compensates to some extent for the lack of an accessible biography of him. 

The quantum defect is zero for one-electron atoms and ions, like H, He*, Li**, 

Their energy, disregarding nuclear energy and even nuclear spin is entirely 

electronic in origin and only depends on the principal quantum number, n; the 

1 

C Sdndoify (ed). Thi Role of Rydberg Suues in Sptcirotcopy and Phoiochemisiry, 1-20, 

^ 1999 Kluwtr Academic Publishers. Prinied in the Neiherltinds. 
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quantum defect is zero. For atoms having two or more electrons the energy also 
depends on the azimuthal and magnetic quantum numbers 1 and m and 6 is not zero. 
For the ns series it is about 0.9 - 1.2, for the np about 0.3-0.6, for the od it is usually 
smaller than 0.1, and very small for the higher nl. The orbitals with the high 5 are the 
most penetrating (the ns) that is, for them the core formed by the nucleus and the other 
electrons is the least pointlike. 

If so many electronic states, orbitals, transitions are Rydberg then what is non- 
Rydberg? Well, those due to transitions between two stales having the same principal 
quantum number, like for example the famous D-lines of sodium: 3s— >3p. 

These Rydberg series were extremely important for the evolution of not only 
spectroscopy , but the whole of science. As is well known Bohr’s atomic model was 
developed to explain their existence and this was an essential precursor of quantum 
mechanics. What would modem science be without it? There is a good stepwise 
relationship from Rydberg series to present time theories of the cosmos. 

For a long time it was not widely known that molecules also have Rydberg 
stales. Niels Bohr seems to have been the first to have drown attention to this. The 
physicists concentrated on diatomic molecules. As to somewhat larger, basic organic 
molecules Price and coworkers (2) pioneered the field from the experimental side and 
MuUiken from the theoretical side (3). 

Interestingly the Rydberg formula is still approximately valid for typical 
organic molecules, although the problem is much more complicated. The lowest 
available principal quantum number is n * 3 for carbon, rutrogen, and oxygen 
containing compounds, n s 4 for chlorine, n = 5for bromine containing ones. For 
smaller molecules these correspond to the lowest empty orbital of the united atom, 
(i.e., neon for methane.) The quantum defects are also sdll apphcable. In many 
cases, however, it is preferable - to avoid arbitraryness - to use the term value (the 
fraction in the Rydberg formula) instead of using n and 5. Robin has shown that the 
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term also has characteristic values for s, p, d, ... type orbitals. (About 300(X)-22000, 
22(X)0-16(X)0, and 14000-10000 cm * in this order.) He was able to use these to 
locale the Rydberg bands for many polyatomic molecules with great success. (4,5) 

To do this the energies of ionization are also needed. In atomic spectroscopy 
these are usually obtained with high precision from the Rydberg formula by fitting into 
it the observed frequencies for successive values of n with a trial 5 and then 
extrapolating to n = ». This can sdll be done for diatomic and some other small 
molecules, but for larger polyatomic molecules this can seldom be done. The bands 
are often broad due to dissociation, or predissociation, or unresolved vibrational and 
rotational fine structure. The “series” often consists only of one or two bands, the rest 
is lost in the baseline. While it is then not possible to obtain the ionization energies 
from the spectra, the opposite is still possible: we can locate the Rydberg bands if an 
independent source can be found for the ionization energies. This is provided for by 
photoelectron spectroscopy. The bulk of the merit belongs to Turner’s laboratory and 
the main results are contained in their book published in 1970. (6) 

In this way overall interpretation of the electronic spectra of all typical organic 
and inorganic molecules was achieved, based on joint inputs from optical, electron 
impact, and UV-photoelectron spectroscopy and advanced quantum chemistry. 

As we stated above not all transitions are Rydberg in atomic spectroscopy and 
this is even more true in molecular spectroscopy. Let us start with the hydrogen 
molecule. In molecular orbital language the orbital of lowest energy can be written, 
omitting normalization factors, as (Is+ls) where Is is the atomic orbital of a hydrogen 
atom in its atomic ground state. Then die first excited orbital is (Is- Is) and a 
transition is possible between the two. This is not a Rydberg but a valence-shell (or 
valence, or intra valency) transition, because both the ground and excited orbitals are 
built from atomically unexcited atomic orbitals. The next orbital, (2s+2s) is Rydberg, 
since n = 2 for the constituting atomic orbitals. However, at the united atom limit (He) 
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(Is- Is) becomes 2po where n^2 also appears. This is sometimes called 
Rybergizalion; actually (Is- Is) is of intermediate type whose Rydberg or valeiKe-shell 
character depends on the intemuclear distance or, in the general case, molecular 
geometry. Thus it is seen that we have three types of excited states (and orbitals); 
those which are Rydberg at any geometry, valence-shell at any geometry and those of 
intermediate type. The latter are very numerous and introduce serious comphcations 
when individual cases are treated. Moreover, we may ask the question as to whether 
(Is-ls) or (2s+2s) has the lower energy? The former is built from atomically 
unexcited orbitals but it is antibonding while (2s+2s) is built from atomically excited 
orbitals but it is formally bonding. The answer is that this depends on cases. The 
lowest excited state can be Rydberg or valence and if they have the same symmetry 
they can mix. 

This type of situation, the intermingling of Rydberg and valence states is 
characteristic of low Rydberg states or transitions, n = 3,4,5... At high n values the 
states become more and more “atomic" where the “Rydberg electron” sees a poinllike 
core. For this reason, in recent years and decades, two rather different fields have 
developed; the low-Rydberg field and the high-Rydberg field with different scopes 
and characteristics. Some introductory remarks are in order on both. 

2; Low-Rydberg Spectroscopy. 

The low-lying Rydberg states cause some intricate spectroscopic problems and 
are photochemically very important. What is the extent of Rydberg- valence mixing for 
the different states? Is there a systematic difference between photochemical reactions 
occurring in Rydberg states and those occurring in valence states? Can such 
statements be made at least for the photochemical primary step which is the connecting 
link between spectral excitation and photochemical reaction? How does the Rydberg- 
valence mixing evolve along the reaction path? What is the role of transfers from 
Rydberg potential surfaces to those of potential surfaces of valence-states? Clearly, 
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every case has lo be examined according to its own characteristics. Yet, it can be 
hoped that eventually more general answers will be given to these questions. 

Several years ago the writer of these comments proposed a rather simple 
categorization of organic molecules for spectroscopic purposes. (7,8) 1) Saturated 

molecules having bonding <y-electrons only; 2) saturated molecules having bonding a 
and lone pairs of electrons; 3) unsaturated molecules having bonding c and it- 
electrons, and 4) unsaturated molecules having bonding a and it, and lone pairs of 
electrons. 

1) Methane and ethane are the two prototypes of saturated hydrocarbons and 
they have rather different electronic spectra. That of methane begins with an intense, 
diffuse band which is due to an allowed » F2 transition under symmetry. (9- 
ll) The term manifold obtained from molecular orbital and united atom considerations 
is the same indicating that the excited states are of intermediate Rydberg-valence 
character. It would be tempting to relate these bands to transitions. However, 

MuUiken (12) has shown many years ago through careful examination of the excited 
state orbitals that they must be essentially Rydberg. Actually, this apphes to all 
saturated hydrocarbons. Interestingly, the photoelectron spectrum exhibits more fine 
structure than the optical spectrum (13) which seems to indicate that the CH4* ioft ts 
more stable than F2 excited neutral CH4; this despite the much belter resolution which 
was obtainable for the optical spectrum than for the photoelection spectrum. The 
higher frequency bands of methane are even more diffuse indicating unstable excited 
states. 

Ethane is a different case. The presence of the C-C bond makes it that there 
are two close-lying initiating orbitals, the one mainly populated in the C-C bond 
{3a^g), the other in the C-H bonds (ICg) under symmetry. Very importantly, 
both the photoelectron (6,14) and optical absorption (15,16) and energy -loss electron 
impact spectra (17) exhibit vibrational fine structure showing that ethane does have 
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Stable excited states. The sirailarily of all these spectra is a strong indication of the 
mainly Rydberg character of the lower excited states of ethane. (In Rydberg excited 
states molecules tend to have structures similar to that of the corresponding ion.) 

The electronic spectrum of ethane became known in 1967 only. Prior to that 
date the widely held view was that the excitation of a bonding o electron leads 
necessarily to rapid dissociation. 

The lowest energy bands of ethane 12.0 (96800 cm’\ 12.7 and 13.4 eV in 
the photoelectron spectrum and 75800 cm * in the optical absorption spectrum are 
linked to the two close-lying initiating oibitals of which those excited from the 
degenerate le^ orbital are subject to the Jahn-TeUer effect. (39) An immense amount 
of advanced quantum mechanical work has been devoted on the spectra of ethane by 
the groups of Buenker and Peyerimhoff. (18-20) These certainly passed the 
exploratory stage and give the measure of the highly increased capabilities of modem 
quantum chemistry. These authors made definite advances in the interpretation of the 
spectra, the structure of the excited states, and their potential surface in function of 
ethane’s vibrational motions, yet certain problems relating to the partly resolved fine 
structures and perhaps even the electronic assignments remain. On the experimental 
side, after the above mentioned good quality but not sufficiently resolved pioneering 
spectra a high resolution study became available due to Pearson and Innes. (21) 
Unfortunately similarly well resolved photoelectron spectra are not yet available. In 
the writer's opinion this test-molecule deserves every effort. 

Qiemical intuition (and reasoning based on Koopmans’ theorem) would lead 
to the prediction that excitation or ionization from the 3a^g orbital (C-C bonding) 
should provoke the dissociation of the C-C bond and production of CHj radicals as 
the photochemical primary step, whereas excitation or ionization from the ICg orbital 
(C-H bonding and C-C antibonding) should lead to Hj production. Just how far one 
can go by reasoning on the basis of the bonding - antibonding character of ground 
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Slate oibilals constitutes a delicate problem. It is remarkable, however, that at 147 nm 
(the xenon resonance line) the primary photochemical steps of ethane produce 98% of 
hydrogen and only a small amount of C-C cleavage. (22-25). 

To a lesser extent this is also true for the higher saturated hydrocarbons. The 
latter have electronic spectra ‘^remembering” either those of methane or those of 
ethane. The methane type spectra belong to the round molecules like neopentane or 
isopentane which begin with an allowed transition while those of the normal paraffins 
start with weak bands like for ethane. (The 3s bands of ethane are gf 4 g and parity 
forbidden while the subsequent 3p bands are mostly allowed.) There is a gradual 
balhochromic shift in the series methane, ethane, propane, n-butane, n-pentane, then it 
comes to a halt at about 160 nm. This is not unlike the shifting observed for 
conjugated chains. 

Cyclopropane’s lowest frequency absorption band is Rydberg, the next band 
is valence-shell. As is known this molecule is somehow intermediate between 
saturated and non- saturated. 

Perfluoroparaffins (4,8) have very high ionization potentials and their UV 
spectrum is also considerably shifted to higher frequencies than those of the related 
hydrocarbons. While methane's Jahn-Teller split lowest energy photoelectron bands 
are at 13.6 and 14.3 eV, the first photoelectron band of CF 4 is at 16.1 eV, due to the 
high electron attracting power of the fluorine atoms. The first absorption band is at 
^out 90 nm (II 1000 cm *);itis probably the most translucent polyatomic molecule in 
the world. The first bands of the partly fluorinated paraffins are still due to bonding 
C-C and C-H o electrons. While the fluorine atoms have, of course, lone pairs of 
electrons, their energy levels are so low that their transitions only come in at higher 
frequencies. 

2) Contrary to saturated hydrocarbons their derivatives containing heteroatoms 
like N, O, Cl, Br, ... have spectra whose lowest energy photoelectron and ultraviolet 




bands are due to the lone pairs of electrons of the heteroatoms. While the lone pair 
orbitals are less localized around the given heteroatom than it was for a long time 
believed, they are still a characteristic feature for saturated, heteroatomic molecules. 
For melhylchloride, for example (6), the first photoelectron band is at 11.3 eV (91100 
cm and it is due to the lone pair. It is split by spin- orbit coupling which is even 
more evident for the heavier halogens like for CHjBr and CH3I. The second 
photoelectron band (14.4 eV or 116200 cm *) is due to ionization from an orbital 
strongly populated in the C-Q band, the third one (15.4 eV or 124200 cm to an 
orbital mainly populated in the CHj group. The first UV band of CHjCl is at 59000 
cm * (169 nm) and it is not a Rydberg band. (26). (Its terras value is too high for 
either s, or p, or d.) It can be assigned to a valence-shell transition of the (n, a*) type 
in which one of the electrons of the chlorine lone pair is raised to an orbital 
antibonding in the C-Cl bond. 

Towards higher frequencies the (n, c*) band is followed by n Rydberg 
bands (4s and 4p) and then by Rydberg bands relating to higher ionization potentials. 
(Beyond 90030 cm*V) (For references see (8)). 

Alcohols and ethers have spectra “inheriting" much from water. They are 
dominated by transitions of the oxygen lone pairs. For the first UV band the oibilal of 
the excited electron is of intermediate (3s) Rydberg-valence type with significant 0-H 
antibonding character. It is at 54000 cm ^ for methanol. (See (4) for a review.) The 
latter is the probable cause of the diffuseness of the band. It is followed by two 
structured band systems which are members of the 3p manifold. So alcohols do have 
stable excited states. For ethers even the first band (3s) has well developed vibrational 
fine structure showing that 3s is more purely Rydberg with less antibonding character. 
The vibrational intervals seen in the vibrational fine structure are low frequency ring 
vibrations. Despite the above, C-0 bands are still broken during the photolysis of 
ethers. To explain this we have to invoke fast electronic rearrangement. When an 
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electron is removed from the field of a strongly eleclionegative atom like oxygen a 
rapid flow of electronic charge occurs in order to compensate for the loss. Tliis then 
has the consequence of weakening the neighboring bonds. The flow of electronic 
charge from an 0-H band is likely to be more pronounced than from an 0-C band 
because of the weak electron attracting power of the proton. A similar situation seems 
to exist with ketones and aldehydes. (27) 

3) In unsaturated organic molecules the most characteristic features of the 
spectra are due to the jc^l^ctrons. These are the best known spectra to chemists. UV 
and photoelectron spectra usually exhibit well developed vibrational fine structure 
indicating stable excited states. The two prototypes are, of course, ethylene and 
benzene and the typical bands are due to tc ionization and valence-shell (n*K*) 
transitions. A great deal of experimental and theoretical work has been done on these 
molecules; many books and review papers were published on their many interesting 
features and correlations among the different spectra. The great epoch of jr-electrons 
spectroscopy can be located between 1945 and 1955. A whole network was 
developed and these spectra are well understood. Some problems remain, however. 
(For reviews the reader might consult, for example, Dunn (28) and Robin’s second 
volume (4).) 

Ethylene received a tremendous amount of attention. (29-37) The first (n) Ip is 
at toil eV (84800 cm’ (6) The (n.Ji*) UV band has its vertical maximum at 162 
nm (61700 cm ^)and has a long, fine structured tail extending into the near-UV. This 
indicates that the excited state has a very different geometry from that of the ground 
slate; indeed it is almost certainly perpendicular in both the singlet and triplet K* states 
while ethylene is known to be planar in its ground stale. (29-31) The main point from 
the point of view of these comments is, however, that the it* orbital does not have the 
same symmetry as the first (3s) Rydberg orbital. Thus the two do not mix. This is 
the essential difference between ji and c spectra. Thus ethylene has a (?t* 3s) Rydberg 
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state which does not have the same symmetry as the (V) state. Its origin is at 

57340 cm ^ superimposed on the (jr,jf*)band. In this state the molecule deviates only 
by 25° from coplanarily (30)» the excited orbital being not antibonding but 
nonbonding. We have to add, however, that while n* does not mix with 3s, it does 
with 3p« which has the same symmetry. So it is not purely valence-shell, after all. 

Robin (4,5) reviewed accumulated knowledge on ethylene on two occasions, 
in 1975 and in 1985. A great number of higher Rydberg stales are known. Much 
remains to be uncovered on the interactions between these and the lower states and 
conlinua. Also certain details of the vibrational fine structures of the 3s and n slates 
remain to be elucidated. 

1,3-butadiene and the higher conjugated d^ns exhibit a gradual trend towards 
lower energies of the first ionization potentials and the first (;r,n*) bands. 
Superimposed on these are Rydberg bands forming series converging to the k 
ionization potential. As for ethylene the lowest Rydberg bands are in near-coincidence 
with the lowest valence-shell bands. Little is known about transitions originating with 
the highest c and lower it levels of these molecules. (See (4).) 

Benzene is another classic. (See, for example (4) and (28).) The lowest 
ionization potential is at 9.247 eV (74580 cm'*). With the relating highest occupied n 
orbital originate the transitions yielding the bands of lowest frequency in the UV 
spectrum. Since both the originating and first excited orbitals are doubly degenerate 
(ejg — > e 2 u) more than one states result from the promotion of an electron from the one 
to the other yielding the well known ^Aj^ *Ej„, The transitions 

» *B 2 u and are electronically forbidden under symmetry but are made 
vibronically allowed by the intervention of a non-totally symmetrical vibration. This 
has been known through the classic work by Herzberg and Teller (38) dating back to 
1933. The allowed ^Aj^ transition is an example for the Jann-Teller effect. 

The vibrational fine structure of the ^B 2 uband has been thoroughly studied and can be 
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considered as con^letely elucidated. Much less is known about transitions 
originating from the lower ti orbital (a^u). Between Cjg and a^u reportedly lies the 
highest c orbital; there would be a need to know more about the transitions departing 
from it. Characteristically, the three of four lowest energy bands of benzene and all 
other aromatic molecules are due to valence-shell transitions. The Rydberg series 
begin at higher frequencies. They all converge to n ionization potentials; most of 
them are superexcited due to the low ionization potential of benzene and other 
aromatics. 

Further progress in this respect can only be hoped for through the sensational 
new high resolution techniques that became recently available. These will be briefly 
mentioned in the next section and are a major target of this volume. The structure of 
the benzene cation is an example of the Jahn-Teller effect, the originating orbital being 
ejg. For some time it was thought that the D^i, symmetry of ground state neutral 
benzene is diminished to for the ion. Recently, using ZEKE spectroscopy the 
rotational structure of the benzene cation has been completely resolved and its structure 
determined. The results were fully consistent with D^i, symmetry. (40) It has been 
therefore concluded that the structure of this ion is governed by the dynamic, not the 
static Jahn-Teller effect. A rather interesting result. 

4) Most organic molecules contain o, n, and nonbonding lone pair (n) 
electrons. A relatively simple case is that of aldehydes and ketones. It is interesting to 
compare ethylene and formaldehyde, for example. (8) TTie two first photoelectron 
bands of ethylene are at lOil and 12.38 eV corresponding to the t: and highest a 
level respectively. The first photoelectron band of formaldehyde is at 10.88 eV but 
this belor^s to the oxygen lone pair. The n level is very high at 14.09 eV and the 
highest 0 level is at 15.85 eV. In the UV spectrum of formaldehyde - and all other 
aldehydes and ketones - the well known band is in the near-UV in the 33000- 
360(Xl cm * region. This is a valence-shell type band. Towards higher energies we 
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find fine slniclured Rydberg bands of the s, p» d, ... type. These converge to the lone 
pair, n, ionization potential, not to the jt ionization potential. The latter is much too 
high for this. Actually, for formaldehyde the band is superexcited. For 

acetaldehyde it is probably not. For the latter molecule the (n,7t*) band is at 
34000 cm \ the 3s Rydberg at 55050 cm \ the 3p at 60000 and 63000 and the 3d at 
68000 cm * according to relatively recent assignments. (See (8)). Tlie oxygen lone 
pair Ip is at 82500 cm* and the Ip at 106100 cm**. TTie fact to underscore is that 
between the two valence-shell bands - (n,ff*)and - there are at least three 

Rydberg bands and this must be photochemically important. The Rydbergs coincide 
perhaps with (c.a*) type bands. (See chapter 7) 

In aza-molecules (>C5N— )lhe n and % levels are much closer to one other and 
the spectra are less well resolved. Much remains to be done. (41) 

In more complicated molecules n,n, and c levels intermingle and Rydberg or 
mixed series can originate with each of them. Some are described in Robin’s books. 
(4,5) 

It is not intended to comment on ino^anic molecules or coordinadon 
complexes. Ibis is, of course, a science in itself. The well known (d,d) or (f,f) 
bands are evidently valence-shell, but some bands are known that go to higher levels 
with increased principal quantum numbers and can be considered as Rydberg. Much 
less is known about them. 

This short review of what we are calling “low-Rydberg" and valence-shell 
spectroscopy had only one purpose: to underscore the fact that there exists an energy 
domain where Rydberg states and valence-states both exist and can interact. The full 
impact of this on photochemistry is yet to be assessed. 

In certain cases we mentioned higher Rydberg states with principal quantum 
numbers of 10 or 20. These are still very low values in the context of the next section. 
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3. High-Rvdberg Spectroscopy. 

High resolution optical spectroscopy has existed for perhaps a century and 
resolutions better than 1 cm * are, of course, available to many laboratories. This is 
needed for extracting full structural information from the spectra, including vibrational 
and rotational fine structure. Other limiting conditions are connected with the physical 
slate of the samples, like pressure broadening, temperature (the presence of hot 
bands), etc. ITiese can be largely overcome by molecular beam methods applied at 
very low temperatures. (Supersonic jet cooling. See (42) for example.). 

In Rydberg spectroscopy, we also need the ionization energies and we are 
interested in the structure of ions in their various states. However, until recently, the 
resolution attainable in pholoelectron spectroscopy remained two or three orders of 
magnitude lower than in optical spectroscopy, perhaps of the order of 50 to 80 cm 
Although this situation has gradually improved in recent years (see p. 692 in (43)) the 
need for better than 1 cm * in photoelectron spectroscopy persisted. The break came in 
1984 when Muller-Dethlefs, Sander, and Schlag (44, 45) came out with the zero- 
kinetic-energy (ZEKE) photoelectron technique. This is a technique of wide scope 
which goes actually much beyond the measurements of the spectra of molecular ions. 
Excellent review papers are available covering this field (43,46,47) and several 
chapters of the present book report new results obtained by ZEKE and by related 
techniques like MATI (mass-analyzed threshold ionization spectroscopy). 

These new techniques take advantage of the properties of high molecular 
Rydberg states with principal quantum number n» 100. ZEKE spectroscopy ‘‘relies 
on the pulsed field ionization of long lived high molecular Rydberg states”. (43) It 
makes it possible to prepare ions in purely selected quantum states (electronic, 
vibrational, and rotational) and ‘1o study their reactivity as a function of their degree of 
vibrational and/or rotational excitation. The long lifetimes of high Rydberg states can 
also be used to measure the velocity distribution of the products of unimolecular and 
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bimolecular reactions in the gas phase with unprecedented sensitivity and resolution.” 
(From Merkt (43)). 

The very high Rydberg states (from about n>150) have eneigies very close to 
the ionization energies where the density of states is extremely high and the oibitals of 
the Rydberg electron extremely extended- ITie situation is then entirely atomlike with 
a pointlike core ‘‘seen” by the Rydberg electron. It is very easy to field ionize a 
molecule in such a high Rydberg state by small pulsed electric fields. The time 
interval (usually about I ns) between excitation and ionization makes it possible to 
ionize the molecule from a well defined ro vibrational stale. The resolution in these 
experiments is limited essentially only by the laser line width and better than 1 cm * 
resolution is routinely obtained. Contrary to the low penetrating Rydberg states these 
high Rydberg states are extremely insensitive to auloionization or predissociation. 
While for the low Rydberg states (n = 3—10) decay takes place typically on the 
femtosecond timescale, for the high Rydberg states (n » 100 - 200) this takes place on 
the nanosecond scale. 

In UV-photoelectron spectroscopy resolution is limited by the margin of error 
inherent with the measurement of the kinetic energies of the photo-electrons. ZEKE 
measurements are not subject to this since the photo electrons can be selected so as to 
be taken at zero kinetic energy. The wave-length is scanned and only electrons within 
a small detection window near threshold are measured. 

Mass analyzed threshold ionization (MATT) spectroscopy (48) differs from 
ZEKE by the fact that not the electrons but the ions formed in the photoionization 
process are detected. From the time of flight (TOF) of the ions to the detector their 
mass can be determined. This has advantages, especially in analytical work. In 
Rydberg atom time of flight spectroscopy (49,50) hydrogen atoms produced with a 
given kinetic energy distribution in the dissociation of a polyatomic molecule are 
excited by the Lyman- a line to long lived neutral Rydberg states (n = 30-90) by a two 




15 



photon absorption process. They fly to the detector as neutral Rydberg excited 
hydrogen atoms and are then ionized by the field of the detector. Either the electron or 
the ion can be detected. This method has a very high resolution comparable to that of 
resonance-enhanced multiphoton ionization (REMPl) photoelectron spectroscopy 
which also measures the time-of-flight of the ionized fragments. All these methods 
will be touched upon by the contributors to this volume. 

Several diatomic and triatomic molecules and radicals have been thoroughly 
treated by ZEKE and related methods. Among these are NO, CO, OH, H 2 O, HjCO, 
CH 3 , N 02 t N 02 *» NH* radical, O 2 *, NHj, CH 4 benzene, paradiflurobenzene. 
References to all these works can be found in the above mentioned review papers. 
Even molecular clusters and hydrogen bonded complexes were studied. 

The bright future of this line of research is definitely assured. It is predictable 
that it will spread to larger typical organic and inorganic molecules, radicals, and ions. 
The possibihty of electronic- vibrational-rotational state selection is extremely important 
for structure determinations as well as for reaction kinetics. 
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1. INTRODUCTION 

This Chapter focuses on recent advances in our understanding of the electronic 
spectroscopy and the photodissociation dynamics of three prototypical small polyatomic 
molecules, H 2 O, NH 3 and CH 4 . H^O and NH 3 have both been the subject of numerous 
studies but relevant studies of CH 4 remain few and far between. The first excited 
electronic states in all three are considered to be of mixed Rydberg-valence character, 
each showing their own distinctive photochemistry. Nearly all of the documented 
higher excited states of both H 2 O and NHj have been assigned as Rydberg states, 
belonging to series converging to the respective ionisation limits; our understanding of 
the electronic spectroscopy of CH 4 is much less well developed. Here we concentrate 
on excited states of the three reference molecules lying below the respective first 
ionisation potentials (IPs): 101766 cm*’ (HjOX S2I59 cm*’ (NHj) ^ and *“101867 
cm'‘ (CH.)- ‘ 

Molecular photodissociation has long been seen as an interesting and challenging area of 
chemical physics, the results of which are of relevance to atmospheric chemistry, ^ 
chemical laser systems, a number of etching and chemical vapour deposition processes, 
etc. Recent advances, both in experimental technique and in ah initio quantum theory, 
have led to unprecedented progress both in the level and in the detail of our 
understanding of such molecular dissociation processes. In particular, measurements of 
product branching ratios, the observed energy and angular momentum disposals, and the 
product recoil velocities, rotational alignments and their mutual correlations, all reflect 
the intemuclear forces acting during the fragmentation process and thus, ultimately, 
provide clues concerning the nature of the potential energy surface (or surfaces) on 
which the dissociation occurs. As always, any serious discussion of a 
photodissociation process must be placed in the context of the nature of the excited 
molecule prepared at the instant of photoexcitation: such information can be provided 
by ah initio theory and also, more generally but often in less detail, through analysis of 
the electronic absorption spectrum of the particular parent molecule of interest. The 
interplay between experiment and theory and between spectroscopy and 
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photo fragmentation dynamics provide recurring themes throughout the remainder of this 
Chapter. 



2. WATER 

2.1. SPECTROSCOPY 

The Rydberg spectrum of water has been a subject of considerable theoretical and 
experimental research over the past two decades. Much of the earlier work has been 
discussed thoroughly by Robin ^ and only more recent contributions to the current 
understanding of the observed spectra are discussed in any detail here. The assignment 
and, perhaps more significantly, the multidimensional potential energy surfaces (PESs) 
of the lowest lying electronic states are now quite well understood. As the electron 
excitation increases towards and beyond the first IP, the density of (neutral) electronic 
states and the mutual interactions between these states increases significantly. The 
ground state molecule has Ci* symmetry, and the electronic configuration 
(!ai)^(2ai)’(lbj)"(3ai)"(lb|)^ X *A(. Removal of an electron from the highest occupied 
1 b] molecular orbital, essentially a pure px lobe perpendicular to the nuclear plane, 
results in formation of the bent, {Cjv) geometry. H:0~( X ’Bi) ground state ion. 
Ionisation from the next lowest molecular orbitals, 3aj ^d Ib^, forms the linear (D^) 
A‘A( state and ‘super-bent’ B’Bj states of respectively. The electronic 

spectrum of water is interpreted in terms of series associated with the bent Rydberg 
states converging to the first IP, interleaved with transitions to the first few of the linear 
and super-bent Rydberg states belonging to series that converge on the second and third 
IPs, respectively. The interactions between states with these three markedly different 
geometries are responsible for most of the complexity (and much of the current interest) 
in this system, and influences the observed photochemistry. However, the majority of 
states in the energy region up to the first IP derive from removal of a Ibi electron and 
thus have geometries similar to that of the ground state. Franck-Condon restrictions 
dictate that, for these states, our knowledge is still usually limited to the electronic 
origins and the first one or two symmetric stretching (V|) and/or bending (v^)vibronic 
levels only. 

Assignment of the Rydberg character of the observed excited electronic states of water 
has been guided by quantum defect analyses. Using the modified form of the Rydberg 
formula and neglecting any configuration mixing, the term value of a state can be 
expressed as 



v = IP-R/(rt-5y, 



( 2 . 1 ) 



where IP is the ionisation energy for forming the parent ion in its ground vibrational 
state, R is the Rydberg constant, n is the principal quantum number and 5 is the quantum 
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defect of the orbital of interest. Through a combination of an experimental 
(spectroscopic) determination of the band origins and theoretical fitting (especially in 
cases where the band origin is not resolved in the experimental spectrum), the orbital 
promotions responsible for the observed excited electronic states have been assigned in 
terms of«s* (8 - 1.4), np- (8 - 0,7), «d- (5 - 0) and nf-orbitals (5 0), where /j ^ 3 (n > 
4 in the case of states involving f Rydberg orbitals). Given the small size and high 
symmetry of water it is hardly surprising that the deduced pattern of excited energy 
levels is compatible with predictions based on the united atom approximation - in this 
case Ne split in a field of Cjv symmetry. Fig. 2.1 shows the room temperature 
absorption spectrum of H->0 in the wavelength range 190-70 nm, i.e. at energies up to 
the third IP. For clarity, only the first two continua and the origins (and symmetries) of 
some of the lower lying Rydberg stales of HjO are indicated. 




Wavelength / nm 



Figure 2.1. The absorption spectrum of a room temperature sample of HjO molecules plotted as 
a functiOD of a one photoo wavelength (after ref. 20). Also shown are the energetic locations and 
symmetries of the lower lying Rydbeig states of HjO and the first three electronic states of H’O'. 

Tht longest wavelength absorption band in water is a broad continuum, centred -165 
nm, with some weak, undulatory structure superimposed on top. This absorption 

spectrum, although it contains the complete history of the excitation process and any 
subsequent fragmentation or electronic quenching, is obviously unsuited to most 
traditional spectroscopic probes. The considerable advances in our knowledge of the 




26 



electronic state populated in this excitation derive from detailed experimental studies of 
any subsequendy ejected photofragments, from alternative spectroscopic probes and 
from precise theoretical calculations. Ab inifio theory shows the a *Bi ('A") 
excited electronic state reached by photon absorption at these wavelengths to arise as a 
result of electron promotion from the I b| molecular oibital to a higher energy oriDital 
with symmetry. This excited orbital has substantial 3sai Rydberg character within the 
vertical Franck-Condon region but evolves to become largely the 4a i* anti-bonding 
valence orbital at extended H-OH bond lengths. Tlieoreticd studies ^ employing the 
appropriate ab initio PES successfully replicate the measured A - X absorption spectra 
of both HjOand DjO. Tlie calculated A state surface is purely repulsive with respect to 
extension of either 0-H bond, and Franck-Condon excitation to this PES accesses the 
saddle point above and between the two equivalent H(^S) + OH(X^n) dissociation 
channels. The structure in the measured absorption spectrum has been assigned to 
motion in this saddle point region perpendicular to the dissociation co-ordinate, 
corresponding to the symmetric stretch. ITie diffuse nature of the structure reflects the 
narrowness of the saddle point regioa and the consequent short lived nature of the 
stretching resonances. Ths alternative spin allowed dissociation channel, yielding the 
products 0(*D) + is predicted to have a large activation barrier from die region of 
the PES accessible by vertical excitation from the ground electronic state; ^ to date, 
there have been no reported observations of these products following photoexcitation of 
water molecules to the A state. However, recent experiment and theory both 
suggest that the A *A" PBS (at very extended geometries) can influence the dynamics of 
the 0('D) + ^ H + OH(X) bimolecular reaction at certain collision energies. 

Confirmation of the general correctness of the calculated topology of the A state PES 
comes from measured resonance Raman spectra of HjO, HDO and DjO, recorded at 
several different excitation wavelengths within the A - X absorption band. Such spectra 
are particularly sensitive to the nuclear motions of the dissociating parent molecule as it 
departs the Franck-Condon region. These spectra all exhibit long progressions in only 
the O-H(D) stretching co-ordinate and show little variation with excitation energy. The 
observations are consistent with the assumption that just one excited electronic state is 
involved in the long wavelength absorption band. They also serve to validate the 
calculated A state PES, which shows that the minimum energy configuration in the 
bending co-ordinate at short bond lengths hes close to that of the ground electronic state, 
and that this angular anisotropy in the A state potential fades away at larger H-OH 
separations. As we see later, this aspect of the A state PES is reflected in the observed 
photochemistry and in the energy disposal within the H -h 0H(X) photoproducts. 

Moving to shorter excitation wavelengths, the electronic spectrum of water shows a 
second region of continuous absorption peaking at -128 nm, superimposed on which is 
a long, rather regular progression of diffuse features with a spacing of -810 cm*' in HjO 
(680 cm*' in D 2 O ). This absorption is assigned to the B 'Aj-X 'Ai transition, 
arising as a result of electron promotion from the in-plane non-bonding 3aj oAital to the 
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3sai Rydberg orbital. The A and b states form a Renner-Telier pair: they are the two 
components of what would, at linear configurations, be a degenerate state. The 
general topology of the B state potential energy surface is now reasonably well 
established. The most important features to note are firstly that (at least for all 
short Rh-oh separations) the minimum energy configuration for the B state occurs well 
away from the vertical Franck-Condon region, at linear geometries (where the A and B 
states are degenerate). Secondly, there is a deep well in the B state PES, at linear 
geometries, when one 0-H bond is extended to *“1.67 A This is the Rh.qh 
which the ground state surface (which correlates with the excited products H + 
OH(A^X^) in the linear limit) and the B state surface (correlating asymptotically with 
the ground slate products H + OH(X^ri) in this same linear limit} intersect one another. 
This becomes an avoided crossing at all lower symmetries; the deep well in this region 
of the B slate potential is thus the upper halfof a conical intersection linking the B and 
X state surfaces. There is another (shallower) conical intersection between these two 
surfaces at the linear HHO configuration. Not surprisingly, the contorted shape of this 
potential has a dramatic effect on the photodissociation dynamics of B state water 
molecules as outlined below. 

The continuous appearance of the B-X absorption spectrum indicates that HjO 
molecules in their B state also dissociate rapidly, on a timescale shorter than that of a 
vibrational period. The diffuse progression of bands has been ascribed to a small 
fraction of the dissociating molecules being trapped for about one vibrational period 
prior to 0-H bond fission;^^ this vibration' has been interpreted as an unstable periodic 
orbit involving a combination of bending and HO-H stretching motion. Such a 

conclusion is supported by analyses of the resonance Raman spectrum of H^O obtained 
following photoexcitation at 141 nm (i.e. at the extreme red end of the B-X 
absorption), which shows substantial activity in the ground state bending mode.^^’^^ 

The longest wavelength band to exhibit resolvable rotational structure in the absorption 
spectrum lies at *“124 nm and is identified as the C - X transition. Rotational analysis 
of this band, recorded using one photon absorption and two ^ and three photon 
resonance enhanced multiphoton ionisation (REMPI) spectoscopy, has shown the c 
state to have *B| symmetry. Electronic structure calculations reveal that the c state 
wavef unction is dominated by the configuration ....(lbi)‘ (3p^i)* ^ vertical Franck- 
Condon region, but that the configuration ....(lb|)^(3sai)‘ makes an increasing 
contribution at longer distances. Discrepancies between the observed intensities 
of individual rovibronic transitions in the 3 -h 1 REMPI spectra involving the c state of 
both HiO and D:0 and those calculated using the appropriate three photon rotational 
line strengths ^ have been interpreted in terms of a rotational level dependent 
predissociation of the C state (the probability of which scales with the square ofthe a- 
axis rotational angular momentum in the excited state level). Even transitions involving 
the rotationless level of the C state are found to exhibit a linewidth considerably greater 
than that of the exciting laser - indicating the operation of a competing homogeneous 
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(rotational independent) predissocialion pathway. These observations have been 
rationalised in terms of predissociation of the C stale of water by, respectively, the 
dissociative § 'Aj ^nd a *B| states. Another 3-1 REMPI study suggested a 
further weak rotational line-width dependence which could be explained by invoking a 
third competing predissocialion mechanism • Coriolis coupling (via c-axis rotation) to a 
dissociative stale of Aynimetry. Such an electronic stale (arising from the electronic 
promotions pbj lb| ) is predicted to lie in the energy range spanned by the B- 

X continuum. X *A| transitions are electric dipole forbidden in a C> molecule 
like water, but should be accessible via two photon excitation. Several such studies 
have been reported, both at 266 run and at 248 nm. but the evidence for any 
involvement of the excited state remains inconclusive. The inability to detect this 
state even via multiphoton spectroscopy points to the very short-lived nature of the *Ai 
state. 

The third member of the ^ = I 3p-complex, the 6 ‘Ai stale, associated with the 
electron promotion 3pbi lb|, is predissocialed to the extent that it shows vibronic 

(but no ro vibronic) structure in absorption, with an electronic origin *•121.9 nm. 

This is understandable from inspection of the calculated potentials which show an 
avoided crossing between the 5 *A] state and the dissociative B state at bent 
geometries. Ascending higher in energy, the next two states were first characterised via 
the rotationally resolved three photon resonance enhancements they provide in the MPI 
spectra of both H^Oand D 2 O, The first of these, the D’ 'B| stale, is associated with the 
electron promotion 4sai lb) whilst the second, the D"' *A 2 stale, is the lowest 
energy, electric dipole forbidden, member of the '3d-complex' (i.e. 3db: ^ lb|). 

Both of these slates exhibit rotational linewidths that indicate the operation of both 
heterogeneous and homogeneous predissociation mechanisms analogous to those 
affecting the C state. The remainder of the 3d-complex (the E P*B:. F'Si^nd 
F 'A| states) all show strongly in absorption. The E state has also been identified 
under jet-cooled conditions by 3+1 REMPI spectroscopy.^’ but the remainder have thus 
far been observed only in the one-photon absorption spectrum of a room-temperature 
sample. The strength of the Coriolis induced predissociation of these excited states 
in H 2 O has hindered rotational analysis, but the heterogeneous predissociation is less 
developed in t >20 and accurate rotational analyses have been reported for all five 
members of the 3d-coraplex.*^’^^ 

The observed rotational level dependent predissociation of vibronic levels of the E' *83 
(3da;^ Ibi) state has been explained in terms of perturbation by the interleaved 
progression of vibronic levels associated with the linear (3pb-» ^ 3aj) state. 
Several members of the bending progression associated with the latter state have been 
identified by two-photon laser induced fluorescence (LIE) and 2+1 REMPI, ^ and via 
one-photon VUV absorption. “ The K'*0 rotational levels of these vibronic bands are 
themselves strongly predissocialed due to Renner-Teller induced coupling with the 
unobserved, dissociative ’A 2 state discussed earlier • the 'Ai (3pb-> ^ lb|) and *B-f( 3 pb 2 
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^ 3a() states are the two components of what would, in the linear lindl, be a degenerate 
state of H 2 O, Similar perturbations inevitably affect the higher energy («da>^ 
lb{) states since, in a diabatic picture, their bending potentials are intersected by those 
of all of the linear *82 (wpbs ^ 3ai) states that lie lower in energy. 

The one photon absorption spectrum of water is dominated by «d ^Ib; transitions at 
energies approaching the first IP. This is understandable since the lb| orbital is 
essentially a p orbital of atomic oxygen and thus the A * ± 1 atomic selection rule will 
forbid one photon excitation to np Ryberg orbitals unless they are perturbed by the 
molecular core, as is the case for low principal quantum numbers: vibrational levels 
associated with ’Bi (npa^ <— lbi), n < 5, states have been observed amongst the 
dominant nd features. In addition, ab initio calculations (and experimental 
observations) indicate that the oscillator strengths forws ^ Ibi transitions are much less 
than for excitation to nd levels. Some of the earlier experiments using synchrotron 
radiation succeeded in determining term values for the nd series up to n *= 13. More 
recent studies, using nanow bandwidth extreme ultraviolet (XUV) laser radiation and 
jet-cooled samples, have revealed rotationally resolved features and autoionizing 
resonances corresponding to members of, respectively, Rydberg series (nd ^ lbi; n > 6 ) 
converging on H:0*( X ^Bi;000) and to Rydberg series (nd ^ lbi; n * 6-11) 
converging on the H 20 ""( X ^Bi;100) vibrational state.^^'^* These experimental data have 
been simulated using multichannel quantum defect theory (MQDT). Discrepancies 
between experiment and theory are attributed to perturbative interactions between the nd 
^ Ibj levels and states of linear geometry associated with the nd ^ 3a( Rydberg series. 
Several bending progressions associated with such linear excited states have now been 
identified in the relevant energy range. Child ^ has proposed a new specifically 
polyatomic vibronic coupling mechanism for autoionisation from the (nd ^ 3a i) 
linear states which can account, quantitatively, for the autoionization contribution to the 
observed linewidth. Autoionizing states lying between the HjOXOOOland (100) 
ionisation limits have also been observed in a series of double resonance experiments 
proceeding via selected ro vibronic levels of the C ^B| state. The double resonance 
spectra show unexpected peaks which, it is suggested, are attributable to the mixed f . 
character of the intermediate C 'B| state and to the presence of interloping vibronic 
levels of states with linear equilibrium geometries. Extremely high-n Rydberg states (n 
> 150) of H 2 O have been investigated, with rotational resolution, by pulsed-field 
ionisation (PFI) methods. 3 This study provides what is, to date, the most precise value 
of the first IP: 101766 cm*'. 

In a series of theoretical papers, calculated ab initio stretching and bending 

potential surfaces have been used to fit diagonal and off-diagonal quantum defect 
functions to the vibrational origins of the known rotationally resolved bands in H^O^d 
D:0. Complications due to configuration interaction are taken into account by the 
inclusion of off-diagonal quantum defects. The fitted quantum defect functions are used 
to calculated the vibrational levels of higher electronic states and, with very few 
exceptions, are able to account successfully for the vibrational term values of all known 
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beot electronic states. These studies highlight the configuration interactions between 
bent {nt ^ lbi)and hnear {n( 4- 3a0 series, which gready complicate analysis of the 
higher energy part of the electronic spectrum of water. The calculations also show that 
the adiabatic potentials of the 'Bj states derive not just from the bent ^ lb|) and 
linear (nibi 3aj) Rydberg diabatic states considered previously, but also from 
* super-bent' (niZ\ Ibj) states, the first (3s) of which lies below the first IP and is the 
dominant configuration contributing to the lowest energy 'Bj state at bond angles 6 < 
70 ^ 

2.2. PHOTOCHEMISTRY 

Possible primary product channels in the photodissociation of H 2 O and their calculated 
energetic thresholds, quoted in terms of the corresponding excitation wavelength, 
include: 



-♦ H + OH(X^n) 


1 242 nm 


(2.2) 


-»■ H + OH(A^I*) 


>, 5 1 36 nm 


(2.3) 


-» Hi + 0(’P) 


\ < 246 nm 


(2.4) 


-> Hi + 0(’D) 


Xs 177 nm 


(2-5) 


-♦ Hi + 0('S) 


X < 134 nm 


(2.6) 


H + H + 0(’P) 


X < 129 nm 


(2.7) 



Dissociation pathway (2.2) dominates following excitation to the A - X absorption 
band. Pathways (2.4) and (2.5) are expected to be closed at these energies due to the 
presence of activation barriers. Excitation of water molecules within this first absorption 
band has by now acquired the status of a model example of a direct photodissociation 
process. elegant and pioneering experiments have investigated both the direct 

photolysis ^ {i.e. excitation of water molecules in their zero-point level) and the 

vibrationally mediated photodissocialion, VMP, (i.e. excitation of previously 
rovibrationally state- selected water molecules), providing a wealth of data to compare 
and guide theoretical studies. The water molecule is small enough for full ab initio 
calculations to be reliable. Many time independent and time dependent (wavepacket) 
theoretical studies of the excited state nuclear dynamics have been carried out and, to a 
large extent, agreement with the experimental data is good. ^ As discussed above, the 
calculated A -X absorption spectrum replicates the measured data. Further evidence of 
the overall accuracy of the theoretical models of the photofragmentation of A state HjO 
molecules is provided by the fact that theory successfully replicates the general form of 
the experimentally derived vibrational, rotational and even the A-doublet state 
population distributions in the resulting OH(X) products. 

Experiment shows the OH fragments resulting from fragmentation of A state HjO 
molecules to be canying some vibrational excitation, though quantifying the extent of 
this excitation is complicated by the level dependent predissociation of the excited A“S* 
state of OH used in the LIF detection scheme. Calculations show the vibrational 
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excitation to be a result of parent nuclear motions along the saddle, orthogonal to the H- 
OH dissociation channels, in the Franck-Condon region of the A state PES. 
Decreasing the i^otolysis eneigy moves the excitation away from the saddle point, into 
one or other exit channel, and progressively removes any vibrational excitation in the 
fragment OH. In one particular experimental VMP study, ^ HjO molecules were 
initially excited into two different ground electronic state vibrational levels of 
comparable energy ■ 4 vqh 3voh+I voK{wbere vqh Vqh* r^pr^sent the stretching 
motion in the two 0-H bonds) - and then excited to the A state. The energy of the 
(electronic) excitation photon was chosen such that only the more vibrationally excited 
0-H bond could be broken. The resulting OH(X) product vibrational state distributions 
were found to reflect the nodal character of the ground state parent vibradonal 
wavefunction along the non-dissociating bond co-ordinate: ie. excitation of H20(4 voh) 
molecules resulted in -98% OH(v * 0) fragments, whereas -84% of the OH(X) 
fragments resulting from excitation of HjO(3voH'''lvoH*)niolecules were fonned in their 
v ® I level. The initial excitation in the ‘spectator* (non-dissociating) bond was thus 
preserved. Such a finding accords with ^eory, which suggested little interaction 
between the two bonds following excitation to the vicinity of the saddle point in the 
A state PES (the region accessed in these experiments). ^ There is still some 
discrepancy in the literature about the precise amount of product vibrational excitation 
and the way this varies with excitation energy: recent direct and VMP experiments 
^ indicate less excitation than previously measured and predicted Since all 
experimental measurements to date have used LIF to probe the internal energy disposal 
within the OH(X) moiety, with all the attendant problems that follow from the excited 
state predissociation, th^e discrepancies may reflect the difficulties associated with 
extracting reliable vibrational state populations from this technique, or could suggest 
errors in the ab initio calculated A state PES. One initial suggestion ^ was simply to 
shift the height of the barrier separating the two H + OH channels to correct the 
calculated vibrational distributions, but such a change would of course then degrade the 
currently good agreement between the calculated and measured A-X absorption 
spectra. 

Further indications that there may be deficiencies in the calculated A state PES comes 
from a discrepancy between the experimentally measured OD/OH fragment branching 
ratios from VMP of HDO(A) and those predicted by theory. With the introduction of a 
deuterium atom, the symmetry of the parent molecule is broken and the two dissociation 
channels, equivalent in HOH, are now distinct, producing OH + D or OD + H. 
Theoretical calculations ^ predict a marked dependence of the OD/OH branching 
ratio as a function both of the total supplied energy and of the initial vibrational 
excitation of the ground state HDO molecule. Experimental studies quickly 

followed these theoretical predictions, yielding OD/OH branching ratios from the 
photolysis of vibrationally state selected HDO molecules carrying different numbers of 
Vqh and Vqo vibrational quanta and at a variety of excitation wavelengths, which showed 
the predicted isotope effect. However, the experimental findings are only in qualitative 
accord with the throredcal predictions: provided the total energy supplied is less than 
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that required to overcome the D + OH DO - H barrier on the A state surface, 
product selectivity in the dissociation process is enhanced by increasing initial 
vibrational excitation in the bond to be cleaved. Such results accord with classical 
expectations. When excitation occurs above the barrier, the branching ratios are 
strongly dependent on quantum interferences arising from the overlap of the ground and 
excited state parent molecular wavefunctions, and classical mechanics provides at best a 
qualitative picture of the photodissociation dynamics. ® The agreement between 
experiment and theory is also dependent on whether the initial state selection involves 
an O-H or 0 -D stretching overtone. The wavelength dependence of the OH/OD 
product branching ratio arising from photolysis of HDO molecules following prior 
excitation of an intermediate voh stretching overtone matches theoretical prediction 
well. However, the predicted photolysis energy dependence of the branching into 
the (prefened) OH + D product channel following selection of an intermediate vqq 
stretching overtone differs considerably from experiment.*^ This suggests some minor 
error in the A PES used in the calculations, perhaps in the height of the barrier between 
the two aforementioned product channels. 

In contrast, theory, in the form of a Franck-Condon model that makes proper allowance 
for the open shell electronic character of the OH and H products,^* is able to reproduce, 
quantitatively, the experimentally measured OH(X) fragment rotational and A*<loublet 
state population distributions resulting from photolysis of H ;0 molecules carrying only 
zero-point bending vibrational energy.’* *^'^^'^ The implied unimportance of final-state 
interactions in the H-OH exit channel accords with the calculated form of the A state 
PES, at least at energies less than that required for excitation above the H OH HO 
+ H banier. The fragment rotational distributions in this limit should thus be a direct 
reflection of the rotational and zero- point bending motions of the parent molecule at the 
instant it is excited onto the A state surface. One noteworthy feature of the earlier 
experiments ^ was the finding that 157 nm photolysis of a jet-cooled sample of water 
molecules led to preferential formation ofOH(X) fragments in the upper, antisymmetric 
(A ") A doublet state - an observation readily explicable in terms of conservation of 
orbital symmetry during the break up of the (planar) excited state molecule. ^ Further 
support for the notion of a planar dissociation is provided by recent VMP experiments, 
’’ which measured the correlation between the parent electric dipole vector and the 
recoil velocity and rotational angular momentum vectors of the OH fragments following 
photodissociation of HiO( X ;IOO) molecules in selected (in-plane) rotational states. 
The observed correlations are close to the limiting values expected for an idealised 
alignment where the HjO transition dipole moment is parallel to the OH fragment 
rotational angular momentum and perpendicular to its recoil velocity. 



The measured population distributions in the various VMP experiments show a similar 
preference for forming the A'' A-doublet state (at least at high rotational quantum 
number, N'’), ’^80,85.90,92,93 ^ found to be highly structured, non-statistical and 

strongly dependent on the choice of parent rotational state. Further variations in the 
OH(X) product state population distributions observed with increase in the level of 
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parent stretching vibration and/or decrease in photolysis wavelength have been shown to 
reflect changes in the inertial properties of the rotating, bound state water molecule, 
arising from preferential dissociation from increasingly extended H-OH regions of the 
ground state potential. Remaining small differences between the measured and 
calculated OH(X) population distributions probably arise from neglect of excited state 
torques in the Franck-Condon simulations. Such a view is supported by recent 
measurements of the OD(X) photofragment rotational distributions arising in the VMP 
ofHDO.^^ The shift in the centre-of-mass that results from substituting a D atom for an 
H atom in the water molecule makes the OD distributions more sensitive indicators of 
these (small) exit-channel effects. The measured A-doublet distributions exhibit similar 
variations to those seen in H 2 O photodissociation, but the observed oscillatory structures 
are now more clearly modified by an increased torque on the A state surface. These 
data can be reproduced using a modified Franck-Condon treatment, in which the 
effects of the small exit channel torque are accounted for simply by coupling the angular 
momenta generated on the bound and dissociative electronic PESs. It is interesting to 
note that these two sources of angular momentum appear to act in opposite senses, in 
that the general effect of the exit* torque is to cause a slight cooling of the overall 
rotational excitation in the OD photofragment. A much larger cooHng has been 
observed in the photodissociation of excited bending vibrational states of HiO, 
which are shown to sample more anisotropic regions of the A state potential surface. 
The latter distributions are not reproduced by any form of Franck-Condon model, being 
determined by the parent nuclear (bending) dynamics on the excited PES. Such an 
observation is consistent with studies which found evidence for some parent bending 
activity on the A state surface when accessed by radiative decay from the C Rydberg 
state. 

Three recent studies have measured the OH/OD(X) fragment rotational. A- doublet 
and spin-orbit state population distributions arising from photodissociation of A state 
H 2 O. HDO and D^O molecules at wavelengths '*-193 nm, following so called 'non- 
Franck-Condon' excitation, ie. where photoexcitation is from a classically forbidden 
region of the ground state PES or, conversely, to a classically forbidden region of the 
A state PES. The data so obtained are similar to that observed following what would 
be regarded as traditional 'Franck-Condon excitation' (and summarised above), but do 
show a number of clear differences. For example, the amplitude of the structure in the 
A'doublet distributions is much more pronounced within the non-Franck-Condon 
regime, and the branching ratio between the and spin-orbit states of the 
OH OD products are now non-statistical and product rotational state dependent. Such 
differences, which do not appear to be explicable within a Franck-Condon model, have 
been rationalised by speculating that non-Bom-Oppenheimer effects are more 
pronounced within this non-Franck-Condon region, or that non-adiabatic interactions 
with the lowest (^A") triplet electronic state are now important in the photodissociation 
dynamics. The latter possibility points to the need for further theoretical studies based 
on an ab initio calculation of the triplet PES. 
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The energetic threshold for dissociation pathway (2.3). yielding electronically excited 
OH(A^S’) products, coincides closely with the long wavelength onset of the B - 
X absorption system. First insights into the fragmentation dynamics of B state water 
molecules came from measurements of the wavelength dispersed OH(A^X) 
photofragment fluorescence. This was found to be polarised, with an alignment 
parameter Ao^^^ whose sign and magnitude ('■ +0.6) was fully consistent with the 
(known) parallel nature of the parent B-X pholoexcitation and implied that the 
timescale of the dissociation process is short in comparison with the parent rotational 
period. 5^,53 ,102 Analysis of such wavelength dispersed spectra showed the OH(A) 
fragments to be formed primarily in their ground vibrational level, but with a highly 
inverted rotational state population distribution, extending up to the highest rotational 
quantum numbers permitted by energy conservation. Correlation arguments 
indicate that OH(A) products must arise from dissociations that occur entirely on the B 
state PES. The B state potential in the vertical Franck-Condon region is strongly 
repulsive both as Rh.oh increased and as the HOH bond angle opens towards linearity. 
The latter gradient induces a large angular acceleration of the nuclei, which ultimately 
manifests itself as the observed high levels of OH product rotation and accompanying 
orbital angular motion of the departing H atom about the OH fragment. Such a 
visualisation of the OH(A) fragment rotational energy disposal has been substantiated 
both by running trajectories and by time dependent wavepacket propagation on 
the B state PES. 

The quantum yield for forming electronically excited OH(A) fragments rises from zero 
at the energetic threshold (X - 136 iun)but only rises to a maximum value of- 
Slanger and Black investigated the quantum yield for H atom production, and for 
forming 0 atoms both in their ground (^P) and first excited (^D) states following H^O 
photolysis at 121.6 nm: the values they derived (<|)- O.l and ~ 0.12 for fragmentation 
channels (2.5) and (2.7), respectively) indicated that the dominant decomposition 
pathway, even at such short excitation wavelengths, must still involve fission of a single 
0-H bond and formation of ground state OH fragments. However, all attempts to 
observe these fragments under collision free conditions via LIF on the OH(A-X) 
transition have proved unsuccessful, and it was not until the implementation of the H 
atom photofragment translational spectroscopy (PTS) technique that we could obtain the 
first measure of the energy disposal within the nascent OH(X) products. Subsequent 
studies, using the Rydberg variant of H atom PTS to investigate the photolysis of jet- 
cooled H 2 O and DjO molecules at 121.6 nm. had an energy resolution sufficient to 
resolve population of individual rovibronic quantum states of the OH/OD partner. This 
is illustrated in Fig. 2.2, which shows the total kinetic energy release (TKER) spectrum 
obtained from measurements of the time-of-flight (TOF) spectrum of the H atoms 
arising in the photolysis of H 2 O at 121.6 nm. The energy and intensity of the structure 
evident in the TKER spectrum provides an unambiguous measure of the energy disposal 
in the co-fragments partnering the monitored H atoms. The rotational state population 
distribution for the OH(X, v*0) products, derived from the TKER spectrum, is 
included as an inset in Fig. 2.2. These data provide clear insight into the precise 
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Figure 2.2. TKER spectrum of the H + OH fragments resulting from photolysis of jet-cooled 
HjO molecules at 121.6 nra, recorded using Rydberg H atom PTS, The energies corresponding 
to various rotational levels of the v®0 levels of OH(X) and OH(A) are indicated via the combs 
positioned above the spectrum. Also shown as an inset is the derived rotational state population 
distribution in the OH(X; v*0) fragments. 

photodissociation dynamics involved in the production of OH(X) photofragments. 
Analysis shows that *-80% of the OH fragments formed at this excitation wavelength 
are formed in their ground electronic slate. As in the more studied channel leading to 
the electronically excited products, the OH(X) fragments are observed to be formed with 
little vibrational excitation, but with a highly inverted rotational state population 
distribution. Qualitatively, the rationale for the very high levels of rotational excitation 
observed in the ground stale OH (and OD) products is the same as that outlined above to 
explain the rotational excitation of the OH(A) fragments - namely, the marked angular 
anisotropy of the B state PES which encourages rapid opening of the HdHbond angle 
during the O-H bond fission process. Dissociation of H^Of B ) molecules to H -i- OH(X) 
products can occur via (at least) two different non-adiabatic routes: one involves non- 
radiative B->A transfer, which can be induced by a -axis rotation in the parent at or 
close to linear geometries (where the A and B states are degenerate); the second 
involves B -> X transfer via the conical intersection, in the H-OH exit channel, linking 
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these two surfaces. There has been considerable debate ^^out the relative 

importance of these two possible routes. The product energy disposals revealed by the 
Rydberg H(D) atom PTS experiments, together with the associated wavepacket 
calculations, have gone a long way to resolving this issue. These show that the most 
rotationally excited ground state OH (or OD) products arise as a result of B *-> X 
transfer via the conical intersection; the diatomic fragments acquire rotational excitation 
from the torques arising as a result of the angular anisotropy both of the B and the X 
state surfaces. B A transfer is predicted to give rise to OH(OD) fragments that are 
somewhat less rotationally excited, since the A state surface at extended Rh-oh bond 
lengths is essentially isotropic in the angular co-ordinate. Dissociations occurring via 
this Coriolis (a-axis rotation) induced couphng are presumed to be responsible for the 
shoulder observed at lower N" in the rotational state population distributions of the 
OH(X) and OD(X) fragments resulting from 121.6 nm photolysis of, respectively, HjO 
and DjO (see fi g. 2.2)}^ Thus the detailed form of theproduct rotational slate 
population distribution is predicted to be temperature dependent: increasing the sample 
temperature will increase the relative importance of the B->A (rotationally induced) 
non-adiabatic coupling and the resulting OH/OD products should thus show a somewhat 
/oH-er average level of rotational excitation. 

Further predictions have been made regarding the relative populations of the A-doublet 
states in the OH(X) products (the energy splittings of which are too small to be resolved 
in the H atom PTS experiments). Non-rotating water molecules (indeed, all water 
molecules with K, = 0)can only dissociate via the conical intersection linking the B and 
X surfaces; symmetry dictates that the resulting OHfX'Fl) fragments will be formed 
exclusively in their symmetric e (A') A-doublet states. Molecules with > Ocan 
dissociate via both the B->X and B'’>A routes: those that couple via the latter 
pathway can dissociate to both the e (A‘) and the/ (A”) a doublet states of the product. 
Clearly, experimental measurements of the A-doublet branching in the OH/OD product 
as a function of rotational quantum number N" could be very informative. One final 
prediction to emerge from the wavepacket calculations is the expectation that the 
quantum yield for forming OH/OD(A) fragments should increase with increasing 
photolysis energy {i.e. decreasing excitation wavelength). This accords with the general 
findings of the early H atom PTS study of HjO photolysis at 125.1 nm and 122.0 nm, 
but experimental measurements of the wavelength dependence of the OH(A) 
photofragment fluorescence quantum yield at higher photon energies show relatively 
little variation with wavelength. However, experiment and theory are not 

incompatible. As outlined above, the dissociation dynamics favour production of A 
state OH/OD fragments in the highest angular momentum states permitted by energy 
conservation. Once N'> 23, however, even OH(A; v=D) fragments predissociate \oU + 
0(^P) atoms. Thus, as the excitation wavelength is decreased and more of the 

dissociating molecules attempt to reach the excited (H + OH(A)) asymptote, it is 
actually the three body dissociation channel (2.7) to around state atoms that gains in 
importance. 




37 



OH(A) product fluorescence has also been monitored following narrow line width two 
photon excitation to selected rovibronic levels of the predissociated C 'B| (3pai ^ Ibj) 
state. The deduced energy disposal in these fragments is very similar to that found in 
the case of dissociation following direct excitation to the B state, reinforcing the 
consensus view that C -> B Coriolis coupling provides one of the predissociation 
pathways for c state water molecules. Excitation at wavelengths resonant with 

the most intense C--X absorption features has been shown to yield OH(A) fragments 
with rotational alignments different to those obtained when exciting at wavelengths *in 
between’ the peaks. The interpretation of this observation is clouded by uncertainties as 
to whether the OH(A) fragments that result from the ‘in between’ excitations should be 
viewed as arising via direct excitation to the B state continuum or whether the initial 
excitation is actually to a superposition of more heavily predissociated and thus 
unresolved c slate rovibralional level § , ^2 ,5 3 , 1 1 3 , n 4 

As outlined in the preceding section, the higher Rydberg states predissociate 
(predominantly if not exclusively) by coupling tothe .A ^B|, § ’A; and the unobserved 
'Aj (3pb2 ^ Ibi) states via a sequence of Renner-Teller and/or configuration 
interactions. Excitation spectra for forming A state OH and OD fragments (from HiO 
and DiO) have been recorded at energies up to and beyond the first IP, and shown to 
broadly mimic the structure evident in the respective parent absorption speclra.^ '®^ No 
similar measurements of the excitation spectra for forming OH(X), 0(^D). 0(^P)and 
products have been reported to dale but, on the basis of the foregoing discussion, these 
are also expected to show broadly similar wavelength dependences. Above the first IP, 
the OH(A) fluorescence yield drops sharply (by about a factor of two), reflecting the 
importance of autoionization at these energies. However, the fact that a significant 
OH(A) product yield is still detected suggests that, even above the IP, mixing of high 
lying Rydberg stales with the lower lying dissociative (neutral) stales is still very 
efficient. 

The photodissocialion dynamics following promotion transfer to the A and B slates of 
H:0 are by now rather well understood. Very little is known, however, about the 
*A2(3pbi 4- Ibj) stale: it is calculated to be purely repulsive to give + 0(*D) and 2H 
+ 0(^P) products, and is suspected to provide a background continuum of states to a 
wide portion of the H^O electronic spectrum, particularly in the vicinity oflhe B and c 
slates and of members of the 3d-complex. Excitation to the *A: state from the ground 
electronic state is dipole forbidden, so one of the more promising routes to its 
observation would seem to involve measurement of the two photon excitation spectrum 
for forming the products + 0('D). Given the continual advances in the production 
and availability of narrow bandwidth, tuneable VUV laser radiation we anticipate that 
such an experimental study will soon be carried out. 
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3. AMMONIA 

3.1. SPECTROSCOPY 



There is an extensive literature concerning the excited electronic states of the ammonia 
molecule. Robin ^ appraised much of the spectroscopic work, and an overview of many 
of the subsequent spectroscopic and photochemical studies can be found in reviews from 
the author's group. Here we focus attention particularly on the more recent 
experimental and theoretical studies. Of all the polyatomic molecules probed using 
multiphoton excitation methods it is probably ammonia for which such techniques have 
provided the greatest advances in our understanding. This is illustrated by fig. 3.1, 
which compares the level of detail apparent in the (room temperature) absorption 
spectrum of ammonia with that evident in the (jet-cooled) three photon ionisation 
spectrum. The features appearing in the latter spectrum are all attributable to vibronic 
levels resonant at the two photon energy, and the two spectra are aligned accordingly. 
Almost all of the structure evident in both spectra can be attributed to progressions in v 
2 , the excited state out-of-plane (umbrella) bending vibrational mode, built on various 
Rydberg origins. All of these Rydberg states may be assigned as members of series 
converging to the ground state ion; the observed vibrational activity reflects the change 
in equilibrium geometry (from pyramidal to planar) that accompanies electronic 
excitation from the highest occupied las" lone orbital of the ground (X ^Ai*) slate. 
(Note that throughout this section it will prove convenient to label the molecular orbitals 
of ammonia with the Djh symmetry labels appropriate for the planar Rydberg states.) 

As fig. 3.1 shows, a single progression in V 2 * dominates the ammonia absorption 
spectrum at wavelengths X- > 170 nm. As in the case of water, ab initio 

calculations reveal that the first excited singlet state - the A slate in this case - 
arises as a result of electron promotion lo an orbital that is well described as a 3s 
Rydberg function at the Dsi, equilibrium configuration but which acquires increasing 
anlibonding valence c* character at distorted H-NH: (C:v) geometries, and finally 
collapses lo the H(ls) orbital in the separated fragments. The A slate PES (fig. 
3.2) is a very contorted function. It displays a minimum at its equilibrium configuration. 
H atom loss on this surface proceeds via an energy banier - a remnant of the 3s c* 
orbital evolution in this exit channel. The magnitude of this energy barrier 

increases as the molecule bends away from planarity. If, for the present, we ignore 
possible internal conversion (IC) to the ground state and/or intersystem crossing (ISC) to 
the fust triplet surface, then A state airunonia molecules in the two lowest bound 
vibrational levels (ie. with V 2 ' ® 0 and 1) can only dissociate by the departing H atom 
tunnelling through this barrier. The topology along the H-NHj dissociation co-ordinate 
is further complicated at larger H-NH; separations by the presence of a deep conical 
intersection between the X atid A state surfaces, t ts , 121,123425 planar geometries, A 
state NHj molecules correlate smoothly with the lowest energy dissociation products H 
+ MH 2 (X but, under the reduced symmetry applicable to the case of non- planar 
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dissociations, these asymptotic products combine to yield ground state ammonia 
molecules and the excited A state of the parent will then correlate with the excited 
products H + NH:( A ^A|). 
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Figure 3.L Room temperature absoiption spectrum of NH* (bottom panel) and the equivalent 
jet -cooled 2+1 REMPI spectrum (top panel) for a small energy region approaching the first IP, 
The fonner spectrum has been redrawn from data presented in refs. 117 and 126, and the weak 
absorprion in the 140-172 nm region is displayed with a four-fold expanded vertical scale. The 
positions (electronic origins where possible) of the first IP and various of the identified Rydberg 
states of NHj are indicated on both spectra. 

Both the parent absorption spectrum and the energy and angular momentum disposal 
within the resulting photofragments (see later) provide indications of this complicated 
surface topology. For example, predissociation of the A state of NH 3 is sufficiently 
rapid that none of the bands in the Vj’ progression show any resolvable rotational fine 
structure in absorption, even at the low rotational temperatures prevailing in a 
supersonic molecular beam. Estimates of the predissociation rale, and its rovibronic 
level dependence, have been obtained from linewidth measurements derived from 
absorption band contour simulalions,*^^**^’^^'^* from analyses of the detailed fonn of 
the resonance Raman and hyper-Raman spectra following excitation on the 
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Figure 3.2. 3-D representation of parts of the PESs for the X and A states of NH 3 plotted as a 
function of R(H-NH;)and the out of plane beading angle. 0. 0 is proportional to the inversion 
co-ordinate at R * whilst R « becomes the o-axis azimuthal angle of the NHi fragment 
(figure courtesy of R.N. Dixon). 

A ^ X transition, by double resonance studies involving stimulated emission pumping 
from the (higher energy) C' Rydberg state or the use of microwave excitation to 
select the particular starling level in the ground state *^^**^^ and, in the case of the vV * I 
level of ND 3 , by two colour femtosecond MPI. All reveal the same, at first sight 
surprising, trend: NHj molecules in the A state level with one quantum of 
predissociate more slowly than do those in the origin level. Molecules with V 2 ’ > 2 
predissociate much faster. Deuteration causes a reduction in predissociation rate; the 
{A ~X) 2'o absorption band shows resolvable rotational fine structure. The 
striking variation in predissociadon rale of molecules in the V 2 ’ ® 0 and 1 levels upon 
H/D substitution is understandable given that their dissociation occurs via a cunnelhng 
mechanism. The observation that molecules in the v^' = I level actually predissociale 
more slowly reflects the fact that the wavefunclion for this vibrational level has a node at 
planar geometries - ie. at the geometry where the effective barrier to dissociation is 
lowest. Parent rotation also affects the tunnelling rate. A slate molecules with y > 
> K' (i.€. molecules rotating about the in-plane (x,y) inertial axes) show enhanced 
predissocialion rates. This can be understood in terms of centrifugal modification of the 
exit channel barrier (in the case of molecules in the v*’ * 0 level) and/or (for molecules 
with V 2 * = I) Coriolis induced conversion of out-of- plane to in-plane vibrational motion. 
118 , 138,140 

A slate molecules withv?' Z 2 predissociate faster, with rates that are less 
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sensitive to isotopic substitution. This behaviour, and the energy disposal in the 
NH2(X ) fragments resulting from photodissociation via these higher V2' levels, 
has been explained by assuming that the fragmentation involves vibrational 
predissociation (intramolecular vibrational redistribution (IVR)) in which two quanta of 
oul-of-plane bend couple into stretching motion thereby allowing access to the H-NHj 
dissociation co-ordinate by pass^e over, rather than through, the exit channel hairier. 

The electronic spectrum of ammonia becomes increasingly dense and complex as we 
move to higher energies. The second Rydberg state with singlet spin multiplicity, the 
§ *E" state, results from the electronic promotion 3 p^,y(e’) 4- la^". The B-X 
transition was first identified in the one photon absorption spectrum where it too, shows 
a long progression in Vj'. These vibronic bands all show abundant resolvable 
rotational structure. Our current detailed understanding of the Estate of ammonia and, 
indeed, of virtually all higher excited states of ammonia, derives from multiphoton 
excitation spectroscopy, beginning with the pioneering 3+1 REMPl studies of Colson 
and co-workers. They provided the first identification of the neighbouring C' 
Rydberg state, assigned in terms of the orbital promotion 3pj(a2") ^ laj‘V This, in turn, 
served to highlight a long standing misconception regarding the identity of another 
progression of parallel bands (traditionally labelled the C - X system) observed, in 
absorption, in much the same energy region. The B - X systems of both NH3 and 
NDi have since been studied by 2+1 REMPl under both beam and bulk conditions, 

l50 ^ 

and by analysis of the jet-cooled one photon excitation spectrum for forming 
electronically excited NH2(NE>2) fragments in their A ^Aj state. A sub-Doppler 
spectroscopic study yielded molecule limited line widths of individual NDj( B - X ) 
rovibronic transitions, thereby enabling determination of a lifetime with respect to 
predissociation of ~ 250 ps for levels of the NDjCB) state with v^' S 6. 
Predissociadon rates for selected vibrational levels of the B state of NH3 have also been 
measured by two colour picosecond dme resolved pump-probe ionisation, with 
subsequent kinetic energy resolved detection of the resulting photoelectrons. 
Clarificadon of the (minor) Jahn-Teller distortion affecting the degenerate B state 
has come from a number of rotationally resolved double resonance studies in which B 
state levels associated with excitadon of one quantum of each of the doubly degenerate 
vibrations V3' and V4', built on a progression in V2', were populated following initial 
excitation of molecules into selected ro vibrational levels of the a 

states. Such studies also demonstrated that the aforementioned C - X system actually 
involves a vibronic component of the B state. 

The one photon absorpdon spectrum shows no evidence of the C'*A|' -X*A|' 
transidon, but the spectroscopy of the various V2’ levels of the C' state of both NH3 and 
ND3 are by now well established from one colour 2+1 and 3+1 REMPl studies. '5ai»i59 
Analyses of the rovibronic line intensities and widths observed in the various 
raultiphoton excitation and ionisation spectra show predissociation of the C' state to be 
more developed in NH3 than in ND3, to become increasingly important as the vj' 
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quaotum number increases and, for any given vj' level, to show a rotational level 
dependent efficiency. Predissociadon lifetimes deduced from these line width 

studies accord well with recent delerminadons made using two colour picosecond pump- 
probe REMPI-photoeleciron (PES) methods. The observed trends in predissociadon 
behaviour of the B C' slates have been rationalised in terms of non-adiabatic 
coupling to the continuum of the A ’A/ state. The E' 'Ai' state, the next (« = 4) 
member of the Rydberg series initialed by the C state, also shows strongly in the room 
temperature 2+1 REMPI spectrum of both NH 3 and NDj. Both its spectroscopy and 
its predissociation dynamics, as deduced by observation of rotational level dependent 
line broadening, show many parallels with that found for the C' stale. 

The progression in vj associated with the intervening 6 *E' -X ’Ai' transition has been 
idendfied in the one photon VUV excitation spectra of both NHj and NDj, both by 
monitoring fluorescence from the fraction ofNH 2 (ND:) photoffagments that are formed 
in their excited A ^A| slate and the parent ions that result from absorption of a visible 
photon by Ihe VUV prepared stale (i.e. 1+T REMPI). The features observed in the 
NHj speclmm are too broad to allow determination of any upper state rotational 
constants or to verify the *E" electronic symmetry proposed previously. However, 
band contour simulations of the less predissociadon broadened ND 3 { D ) origin 
transition, recorded under both beam and bulk conditions, have shown unequivocally 
that the upper slate has ’E* symmetry - consistent with the D slate being derived from 
the electronic promotion 3de' '+- lai”, The D' 'As" - X(with associated orbital 

promotion 4sar ^ laj"), 6" 'A:" -X (3dai* -e la:") and 6'" 'E" -X (4pe' ^ Uj") 
transitions lie in the similar energy region and have been identified via VUV absorption 
and/or 3+1 REMPI spectroscopy. The *E" (3de* *- laj") excited state must also lie in 
this energy range, but has yet to be identified. At still higher eneigies, but still below the 
first IP, the F 'Aj" and G ’Aj" Rydberg stales have been identified via their respective v 
2 * progressions in the VUV absorption spectrum (fig. 3.1) and assigned in terms of the 
electron promotion «sai* ^ la:" wiih^ * 6 respectively. However, even the most 
recent study involving jet cooled samples had insufficient resolution to permit any 
rotational analysis of these features. 

Obviously, the definitive characterisation of these (and other) of the higher lying 
Rydberg states of ammonia is hampered by vibronic congestion and the comparative 
weakness of the electronic origins - both of which are inevitable consequences of the 
Franck-Condon principle and the planar pyramidal change in equilibrium geometry 
upon electronic excitation. Two strategies have been used to alleviate this difficulty. 
Two colour optical-optical double resonance (OODR) spectroscopies of the kind used to 
study weak B - X and C' - X transitions that are off-diagonal in modes other than v; 
are one option. Spectral simplification is assured if the first laser is fixed in 

wavelength so as lo excite a known Rydberg level (e.g. an A stale level) and laser 2 is 
then tuned so as to sweep out the one photon transition to the higher energy Rydberg 
state which is delected by a further one photon ionisation step. The major advantage of 
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the OODR technique is that the second (Rydberg-Rydberg) excitation connects two 
stales having the same (planar) equilibrium geometry and is thus diagonal in Such 
schemes have, in fact, been surprisingly little used to probe the higher Rydberg stales of 
ammonia, but a variant of the method has enabled detection of auloionizing resonances 
attributable to high members of the ^sai'^— laj" Rydberg series (n = 12-18) lying 
between the 0^ and 2’ levels ofthe NHj' ion.*^^ Tht alternative strategy involves use of 
a combination of REMPI, jet-cooling (which leads to substantial narrowing of each 
vibronic band, thereby relieving much of the spectral congestion and permitting 
observation of additional weak vibronic features) and kinetic energy analysis of the 
resulting photoelectrons. Such methods were first used to identify the 1*2" combination 
levels of the C’ slate but more recently have been used to identify a number of higher 
Rydberg stales of both NHj and ND3. The success of this scheme relies on the fact 
that the Rydberg slates of interest and the ground state ion have very similar geometries; 
the final one photon ionisation step thus tends to be Franck-Condon diagonal in all 
vibrational modes. Given knowledge of the ionisation potential (82159 cm** in the case 
of NHj ^), accurate measurement of the predominant pholoelectron kinetic energy 
allows identification of the vibrational quantum state in which the ion is formed and 
thus, by inference, the vibrational quantum number(s) of the resonance enhancing 
Rydberg level. 

Conspicuous by its absence in all of the preceding discussion is mention of any triplet 
excited states of the ammonia molecule. As in the case of water, the reason for this is 
simply that rather little is known about these states. The lowest energy a ^A-»" (3saf 4- 
laj") state and, possibly, one higher energy triplet state have been identified by electron 
energy loss spectroscopy. Theory suggests that the a state is also of mixed 

Rydberg -valence character and that its PES exhibits a much smaller barrier to H-NH; 
bond fission than does the corresponding singlet ( A state) surface; the implication that a 
state ammonia molecules may dissociate very rapidly has been advanced to account for 
the failure to observe triplet ammonia molecules in neutralised ion beam photoionization 
experiments. 

3.2. PHOTOCHEMISTRY 

It has long been recognised that dissociation pathway (3.1) 

NHj + hv^H + NH 2 (X) X<269nm (3.1) 

^ H + NHjf A ) X < 207 nm (3.2) 

dominates following excitation at all wavelengths within the parent a-X absorption. 
Scavenging studies involving steady state photolysis of NH3 at 213.9, 206.2 and 184.9 
nm showed the resulting H atoms to be formed with only modest kinetic energies. 

The implication, that the partner NH: fragments must be formed with substantial internal 
excitation, was confirmed by the first laser photolysis study (at 193 nm, involving 
excitation to the A : V2 * 6 level); the LIF spectrum of the resulting NH“(X )producls 
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was found to be impenetrably complex and to bear no obvious resemblance to the well 
documented room temperature spectrum of the NHj radical. Subsequent high 
resolution measurements and analysis of the Doppler lineshape of the H atom products 
resulting from NHj photolysis at this wavelength served to reinforce the earlier 
conclusions, but the nature of the NHi product excitation remained open to speculation. 

170 

High resolution H (and D) atom PTS experiments have had a major impact 

on our understanding of this particular dissociation process. Fig. 3.3 shows the total (H 
+ NH 2 ) fragment kinetic energy spectrum recorded following photolysis of a Jet-cooled 
sample of NH 3 at 216.38 nm (46200 cm*', within the A-X origin band), with the 
electric vector of the photolysis laser aligned parallel to the time of flight (TOF) axis. 
Analysis of the well resolved rotational structure evident in these spectra shows that 
most of the NHj( X ) products from this dissociation are formed with just zero-point 
vibrational energy, but with considerable rotational angular momentum specifically 
distributed about the ij-inertial axis. The source of this rotational angular momentum 
can be traced to the effects of the conical intersection linking the A and X state 
surfaces in the dissociation co-ordinate (recall fig. 3.2). NHj(A) molecules 

must pass through this conical intersection, and complete their dissociation on the 
ground state surface, if they are to fragment to ground state products. The conical 
intersection acts as a funnef for trajectories (or a wavepackel propagating along 
the dissociation co-ordinate. Its effect is to amplify any out-of-plane bending motion in 
the photodissociating parent molecule. In the case of NH 3 molecules prepared jet- 
cooled and in the vibrational origin level of the A state (as is the case for the data 
shown in fig. 3.3), the initial out-of-plane motion is simply the Vj zero-point vibrational 
motion. Photo-excitation at shorter wavelengths results in population of A state levels 
with increasing Vj quantum number and, consequently, progressively larger amplitude 
out-of-plane bending motion. This maps into a highly inverted population distribution 
amongst the energetically allowed N" - K," rotational levels of the NH 3 product. 
Electronically excited NHj( A ) photofragments (which arise from those dissociating 
molecules which avoid being drawn into the conical intersection and remain on the 
parent A state surface) contribute to the products as soon as the energy provided by the 
photolysis photon is sufficient for dissociation channel (3.2) to become allowed 
energetically; the quantum yield for forming NHa(A ) fragments has risen to -26±4% at 
a photolysis wavelength of 193.3 nm. Time-resolved Fourier transform infrared 
(FTIR) emission spectiosct^y has been used to further investigate the HH’ ( A X ) 
photofragment emission; ' analysis of the resulting spectra has shown that these 
electronically excited products are also formed vibrationally cold, with ij-axis rotational 
excitation up to the limit of the available energy: once again, this specific rotational 
excitation of the products is seen as an inevitable result of the out-of-plane bending 
motion built into the dissociating parent molecule by the photo-excitation process. 
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Figure 3.3. Spectra of the lota) kinetic enei^ of the H - NH 2 ( X ) fragments resulting from 
photolysis of a jet-cooled sample of NHj at 216.38 nm (46200 cm ', within the a «X origin 
band), with Ihe electric vector of the photolysis laser aligned parallel to the TOF axis. The 
dominant progression of peaks may be assigned to NHj( X ) fragments in their v •* 0 level and 
with N** * K," and ie. with essentially all n-axis rotational angular momentum. Weaker 
progressions associated with the corresponding rotational levels in the V 2 - 1 level are similarly 
labelled (by K*")via combs superimposed above the spectrum. 

Other interesting points emerge from the analysis of spectra such as that shown in fig. 
3.3. Having established that the dominant products from NHj photolysis at X - 216 nm 
are NH 2 ( X ) fragments with v * 0 and rotational quantum numbers N" Kj”, it then 
proved possible to analyse the LIF excitation spectrum of these products, and derive 
precise term values for these highly rotationally excited levels in both the X and A 
states ofNH: which, in turn, allowed further refinement of the parameterised expression 
for the NHi bending potential. Given accurate rovibrational term values for the x 
stale of NHjj least squares fitting of the peaks appearing in total kinetic energy spectra 
such as fig. 3.3 allows determination of the kinelic energy of fragments with v - N * 0 

and thus, knowing the enerev of the ohotolvsis photon and the flight path, the bond 
dissociation energy: DfXH-NHj) * 37115 ± 20 cm’*. Equivalent analyses for the bJDj 
molecule and the partially deulerated isotopomers have yielded Do(D-ND 2 ) * 38010 ± 
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20 cm‘\ and measures of the N-H and N-D bond strengths in NH 2 D and NHDj. 

The measured energy disposals and H/D atom product branching ratios in these latter 
photolyses point to the operation of an alternative, less direct, fragmentation mechanism 
by which A state ammonia molecules dissociate to around slate products. This 
route is believed to apply to molecules that avoid the conical intersection on the first 
(extensive) encounter and aoss to the X state surface during a subsequent N-H(D) 
bond compression, and thus have the opportunity to explore much of the ground state 
potential prior to unimolecular decay yielding fragments with a broadly statistical 
internal energy distribution. 

More dynamical insight comes from measurements of the way in which the TKER 
spectrum varies according to the relative alignment of the svector of the photolysis laser 
and the TOP axis: peaks associated with the most rotationally excited NH 2 ( X ) 
fragments show with greatest relative intensity when the recoiling H atoms are detected 
along an axis perpendicular to the e vector of the photolysis laser. This system has thus 
afforded a rare instance of a photodissociation in which it is possible to observe, and to 
quantify, the correlation between z (and thus the transition dipole, ^) and the product 
recoil velocity vector, v - i.e. the recoil anisotropy parameter p - as a function of 
product quantum slate, p is found to range from negative values, ca. - 0.5, for low N" 
products (consistent with H atoms recoiling in the plane of the nuclei, along axes 
perpendicular to p), to larger positive values for the channels leading to the highest N" 
product states: the sign of P implies that the H atoms formed with the most rotationally 
excited NH 2 ( X ) products recoil along axes roughly parallel to the C; lop axis of the 
parent. Such a variation can been reproduced using an impact parameter model which 
assumes that all of the product angular momentum is generated in the immediate vicinity 
of the conical intersection. Analysis of the Doppler profiles of the D atoms resulting 

from 193.3 nm photolysis ctf ND? molecules initially prepared in selected rotational 
levels of the X ,0' inversion doublet state shows these products to recoil with an 
anisotropic velocity distribution, peaking about the Cj axis of the parent. Such is 
entirely consistent with the foregoing, given that NDj (and NH?) photolysis at shorter 
excitation wavelengths results in increasingly dramatic population inversions in the 
ND:(NH 2 ) products, i.e. to products with high N“ - K,". 

Clearly, the pholodissociation of A state ammonia molecules via fragmentation 
channels (3.1) and (3.2) has been explored in some considerable detail. Note, however, 
that there are also three H 2 elimination channels possible, on strictly thermodynamic 
grounds, following photoexcilation within the A - X absorption system. 



NHj + hv -» NH(X’ £• ) + Hi 


X S 316 nm 


(3-3) 


-» NH(a'A) + 


X < 226 nm 


(3.4) 




X< 189 nm 


(3.5) 
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Dissociation (3.3) is spin-forbidden; only at excitation wavelengths X £ 160 nmhave 

1 TO 

NH(X) radicals been observed, presumably being formed in conjunction with two H 
atoms. NH(ND) fragments in their metastable a*A state have been identified following 
193 nm excitation of NH 3 (NDj), but the quantum yield for this process is estimated at < 
1%. Ruorescence from NH(ND) fragments in their excited A^FI state has also been 
reported following 193 nm excitation of ammonia. ’*^*‘*’ Energetic considerations 
dictate that these fragments must arise from a two photon dissociation process; studies 
of the alignment of the NH(A) fragments (through analysis of the polarisation of the 
>JH(A-^X) emission) and of A*doublet state population distributions within these 
fragments suggest that they result from secondary photolysis of the highly rotationally 
excited NHjf X ) fragments produced in the primary photolysis step. 

Most of the documented photochemistry of the higher excited electronic states of 
ammonia has been rationalised in terms of radiationless transfer to, and subsequent 
dissociation on, the A (and X) state PESs. Such is the case for the various 
predissociation mechanisms inferred from analyses of the B-X and C’-X 
multiphoton excitation spectra. One might thus expect that the pattern of 

fragmentation would generally mimic that observed following direct excitation to the A 
state surface, with ground state NHifND^) fragments constituting the domify^at 
molecular product. The available evidence supports such a hypothesis. The one photon 
excitation spectrum for forming electronically excited A ^A] state NH^CNDj) fragments 
shows all the vibronic structure observed in the vacuum UV absorption spectrum. 

The reported quantum yield for product channel (3.2) appears to increase with 
decreasing wavelength but, given the difficulties associated with detection of NH 2 ( A ) 
fragment fluorescence in the near IR, one must question the absolute reliability of such 
measurements without better knowledge of the energy disposal within the NH 2 ( A ) 
products. 

The importance of product channels leading to NH(ND) formation at shorter excitation 
wavelengths remains far from clear. The quantum yield for forming NH(b‘Z’) fragments 
remains small at all wavelengths within this range. The higher energy decomposition 
channel leading to formation of NH(ND) fragments in their c^O state has received more 
study. The spectrum obtained by monitoring the total NHfND) c’n->a‘A emission as a 
function of parent NHjCNDD excitation wavelength has been reported to rise from 
threshold at ^ 136 nm. The quantum yield for this product channel reaches a 
maximum of - 0.05 at 106 nm. The lack of structure in this fragment 

excitation spectrum is noteworthy given that vibronic structure is still clearly apparent in 
the parent absorption spectra at these wavelengths (fig. 3.1). The NH(c) fragments 
resulting from NHj photolysis at 123.6 run and 121.6 nm are formed highly rotationally 
excited, with an inverted A-^oublel state population distribution. Further studies of 
the energy disposal in these products, and of the possible importance of dissociation 
pathways leading to ground state NH(X) fragments, and their variation with excitation 
wavelength, should prove rewarding. 
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4. METHANE 



Unlike water and ammonia, there have been rather few studies of the Rydberg states of 
methane. Reasons for this include the fact that the electronic absorption of methane 
begins at much shorter wavelengths (X < 145 nm), and the difficulties associated with 
collision-free, quantitative probing of many of the more likely molecular fragments, e.g. 
CH 2 aud/or CHa radicals. The reported vacuum UV ^sorpdon spectra of methane 
U84,i85 and electron energy-loss spectra, all recorded at room temperature, show 

strong (o > 10'*’ cm^) apparendy continuous absorption at all wavelengths X < 130 nm 
(see fig. 4.1) but, in the absence of Jet-cooled absorption or multiphoton excitation 
spectra, some doubts must remain as to the validity of the hitherto proposed assignments 
of the various absorption maxima. Theory thus far has made less contribution to our 
understanding of the electronic spectroscopy and photochemistry of methane than in the 
cases of H 2 O and NHj consider^ above. Early calculations showed that, as with the 
other hydrides, the first excited singlet state of CH 4 (the a *T 2 state resulting from 
electronic excitation from the hipest occupied Itj molecular orbital) has predominant 
Rydberg (SsaO character at the ground state equilibrium geometry, but also suggested 
that it rapidly loses its Rydberg character as it distorts (retaining Cav symmetry) towards 
the asymptotic products CH 2 + Hz- *** Later calculations investigated excited 
states of methane in the vertical Franck-Condon region, and showed all to have 
dominant Rydberg character. However, the first ab initio calculation of significant 
portions of the A state PES (and that of the corresponding triplet state) have appeared 
only recently. These locate two minima on the A state surface - one having 
approximate Cjv symmetry, the other (of lower overall energy) having Cjy geometry - 
but suggest the triplet surface to be entirely repulsive. 

The first few spin conserving dissociation pathways and the wavelengths that would 
corresond to their respective energetic thresholds are as follows: 



CH4+hv-^H+ CH,(X V) 


X S 277 nm 


(4.1) 


-»H 2 + CH 2 (a'A,) 


X s 242 nm 


(4.2) 


-»H2+ CHiCb'B,) 


X <206 nm 


(4.3) 


^ H + Hz + CH(X^n) 


X S 137 nm 


(4.4) 


^H + H + CH2(x’B,) 


XS 135 nm 


(4.5) 


-»H + H + CHz(a'A,) 


X < 131 nm 


(4.6) 


Collision free studies of any of the primary products arising from methane 


photolysis 



have appeared only recently. The excitation spectrum for forming CH 2 (b’Bi) 
fragments has been reported. The quantum yield for forming this product is ^mall 
at all \^oi > 11^5 nm - a result that seems to contradict some of the earlier theoretical 
predictions. Resonance fluorescence measurements of the H atoms arising from 

Lyman- a photolysis of CH4 provided an estimate of the H atom quantum yield (d> * 
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1.16). Combining this value with previous estimates of the relative yields of H 2 and 
of CH radical products (both obtained via end-product analysis under colli si onal 
photolysis conditions) led to the proposal that direct elimination via channel (4.2) 
accounts for '•50% of the total dissociation yield, with the methylene forming product 
channel s ( (4. 5 ) and (4. 6 )) comprising the bu Ik of the remainder . ’ ^ 




Figure 4A. The room temperature absorption spectrum of CH 4 showing the energy range up to 
the first IP, redrawn from ref. 184. 

Indications that these conclusions might be erroneous come from subsequent LIF 
measurements of the Doppler lineshapes of the H atoms resulting from 121.6 nm 
photolysis of CH 4 - which suggest a lower H atom quantum yield ((Jj - 0,47) - and. 

most tellingly, from H atom PTS experiments which show that >50% of the primary H 
atom fragments arising in the photolysis of jet-cooled CHj molecules at 121.6 nm 
possess kinetic energies that are only compatible with their being formed in association 
with CHi( X ) fragments {i.e. via channel (4.1)). The form of the deduced TKER 
spectrum indicates that these CH 3 fragments are formed with very high levels of internal 
excitation: indeed, some ('•25%) possess so much internal energy that they must undergo 
subsequent unimolecular decay. The D atoms resulting from 121.6 nm 
photodissociation of CD 4 display a very similar distribution of kinetic energies. 
These experiments could not provide an unambiguous determination of the products of 
the secondary decay of the internally hot' CH 3 (CDj) fragments, but density of state 
considerations favoured their being, predominantly, CH(CD) and H 2 (D>) fragments. 
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Such conclusions have been substantiated by ion imaging experiments which 
confirmed channel (4.1) as the dominant route for forming H atoms in the 121.6 nm 
photolysis of CH4, showed that these faster H atoms had an anisotropic distribution of 
recoil velocities (p 0.28), and verified that the slower H atoms (previously attributed 
to secondary d^ay of internally 'hof CHa moieties have an isotropic velocity 
distribution. 

Parallel ion imaging studies ofvj quantum state selected Hj(D2) products formed 
following two photon excitation of CH4(CD4) using wavelengths in the range 210-230 
nm show that these are also formed in two distinct sub-groups which, on the basis of the 
deduced internal and translational energy disposals are ascribed to dissociation channels 
(4.2) and (4.4). The observed fragmentation behaviour has been rationalised by 
assuming two competing decay mechanisms for CH4 molecules excited to their a *T 2 
state: ‘direct’ dissociation on the A state PES, quite possibly involving significant 
vibrational energy redistribution prior to dissociation, or internal conversion (promoted 
by Jahn-Teller distortion of the A state) to very high vibrational levels of the ground 
state and subsequent C-H bond fission via channel (4.1). Such conclusions generally 
concur with those reached in the recent ah initio calculations of the A state PES, though 
the latter workers suggest intersystem crossing (ISC) to the lowest triplet surface as a 
possible alternative route to the H + CH3( X ) products. The H(D) products arising in 
the 121.6 nm photodissociation of CHjDj have been investigated by ion imaging 
methods; the faster atoms (arising via channel (4.1)) show an H/D branching ratio of 
-3.5, while the slower products (from channel (4.5)) show Oh/Co-U. Clearly, further 
collision- free investigations of the primary photochemistry of methane are needed, at a 
wider range of vacuum UV wavelengths, before we can hope to attain a level of 
photochemical understanding approaching that now available for HjO or NHj. 
However, just these few results clearly demonstrate the need for revision of many of the 
traditional models of the hydrocarbon photochemistry prevailing in the atmospheres of 
the outer planets and their moons (notably Titan), which exclude simple C-H 
bond fission as a primary fragmentation channel in the vacuum UV photolysis of 
methane, and which conspicuously fail to account for the magnitude of the measured 
C2IVC2H2 concentration ratios;’ such models are now starting to appear. 



5. CONCLUSIONS 

In this Chapter we have tried to present a comprehensive survey of the current state of 
knowledge regarding both the spectroscopy and the photochemistry of Rydberg states of 
three prototypical first row hydrides: water, ammonia and methane. How representative 
is the behaviour they exhibit? All documented excited electronic states in all three 
molecules are considered to arise as a result of electronic promotions to orbitals that are 
legitimately described as Rydberg in the vertical Franck-Condon region. Such is not 
generally the case; most heavier polyatomic molecules will have well defined valence 
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excited states lying beneath (in energy) the Rydberg slates. In the title hydrides, the 
lowest energy excited slates show extensive Rydberg- valence mixing as the molecule 
distorts away from the equilibrium geometry. As a result, the A stales of both H 2 O and 
NHj are unstable with respect to loss of an H atom; their dissociation behaviour has 
proved to be a rich field of study for those interested in the study of unimolecular 
reaction dynamics. Similar comments apply to the second ( B) singlet excited state of 
H^O, which is also of mixed Rydberg- valence character. The stability of the higher 
energy Rydberg states of both HjO and NH3, and their subsequent fragmentation 
dynamics, appear to be determined primarily by the efficiency with which they couple to 
these few lower lying stales of mixed Rydberg-valence character. The spectroscopy and 
photochemistry of methane has received less study, but it is clear that the fragmentation 
mechanism for CH 4 molecules excited to their first excited singlet (A) state is 
qualitatively different. This excited state must also have mixed Rydberg-valence 
character, but the rate of internal conversion out of this stale to the ground slate (or, 
possibly, of intersyslem crossing to the lowest triplet state) apparendy dominates the rale 
of any fragmentation process on the A slate surface. Studies of CH4 photochemistry 
thus far have been largely restricted to the Lyman- a wavelength, and it is not yet clear 
whether this is an entirely general result. Do the elimination channels (4.2) or (4.3) - 
the most natural fragmentation products of the Rydberg-valence mixing - dominate at 
higher excitation energies, when some energy barrier associated with the configuration 
mixing is overcome? Alternatively, if we consider extension of a single C-H bond, the 
A state ofCKj should correlate diabatically with an H atom and a Rydberg state of the 
CH3 radical. Such a process is endoergic at 121.6 nm. Does it become competitive at 
shorter excitation wavelengths? 

Our considerations of just these three simple hydrides serve to highlight the potential 
richness of their photochemistry, and the limitations of our knowledge. Understanding 
the couplings between Rydberg states, between Rydberg states and the few (dynamically 
important) mixed Rydberg-valence states, and with the ground state, are all crucial to 
any thorough description of the excited state dynamics in these molecules. Generalising 
to larger and heavier molecules, the situation must inevitably become yet more 
complicated; possible couplings to excited valence states must be considered, so too 
must interactions with the triplet states that accompany every one of the excited singlet 
states. 
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1. Introduction 

When configuration interaction (Cl) calculations became feasible at the ah initio 
level toward the end of the 1960s, there was a widespread tendency to overlook the 
importance of Rydberg electronic states in molecular spectra. The semiempirical 
calculations which were available before this time rarely if ever treated other than 
valence states, as, for example, in the Htickel and Pariser-Parr-Pople treatments of 
rc-electron systems [1]. Rydberg states were well-known from atomic spectroscopy, 
and as early as 1935 Price [2] had been able to assign them in molecular spectra. 
The attitude nevertheless persisted among most theoreticians active in electronic 
structure calculations that states with such diffuse charge distributions were of 
secondary interest at best because they were not expected to interact strongly 
with conventional valence states and transitions to them were thought to be com- 
paratively weak. To this can be added the fact that it has always been relatively 
difficult to achieve a satisfactory description of Rydberg states by semiempirical 
methods, so there was no effective way to test the above hypotheses prior to the 
advent of ab initio treatments. 

One of the first ab initio studies of electronic spectra dealt with the formalde- 
hyde molecule [3]. The AO basis set employed was of double- zeta quality and 
no additional diffuse functions were included which were capable of providing an 
adequate description of the Rydberg states of this molecule. Although the Cl treat- 
ment was quite modest by today’s standards, it was nonetheless possible to predict 
the transition energies from the ground to the ^ ^(n, jt*) and ^{jr, ?r*) excited states 
with an accuracy of 0.1 -0.2 eV. The next highest states in the H 2 CO spectrum 
arise from (n,3s) and (n,3/») transitions, however, and thus could not be satisfac- 
torily described without additional diffuse functions. Moreover, the ^(jr, ff*) state 
was computed to have a rather high excitation energy of 12.13 eV, 1.25 eV above 
the first IP of this system. Whitten and Hackmeyer [4] did include the required dif- 
fuse functions in the AO basis employed for their Cl treatment of the formaldehyde 
spectrum, and this allowed them to obtain both valence and Rydberg transitions 
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with high accuracy and also to compute a notably lower value for the energy of 
the *(7r,?r*) state (11.31 eV). Similar results were subsequently reported by Peyer^ 
imhoff et al [5] employing a theoretical treatment which differed from the earlier 
one [3] primarily through the inclusion of diffuse functions. 

These results thus showed that Rydberg and valence excited states could 
be described on an equal footing by ub initio calculations provided the proper 
basis functions were employed, in distinct contrast to what had been possible with 
semiempirical treatments. Just as importantly, they showed that states which had 
traditionally been thought of as pure valence species also can benefit from the 
inclusion of such diffuse basis functions [6]. The latter point was underscored by 
Dunning et a/. [7], who found that diffuse functions make a decided contribution to 
the fr* MO of the ^ (jt, tt") state of ethene C^H 4 . As before with H^CO) however, the 
corresponding triplet state is unaffected when such functions are omitted from the 
AO basis. Ultimately all such behavior can be understood in terms of the mixing 
(or lack thereof) of valence and Rydberg states. Probably the clearest example 
of this phenomenon was found in the spectrum of the O 2 molecule in the form 
of discrete bands in the upper part of the Schumann-Runge continuum [8], the 
correct interpretation of which could only be obtained with the help of ab initio 
Cl calculations [9,10]. In the meantime it is known that predissociation effects are 
often the result of valence-Rydberg interactions, such as in the spectra ofHeH [11] 
and other rare-gas hydrides. 

The present chapter is thus concerned with the ab initio Cl description of 
molecular Rydberg states, with special emphasis on their interaction with neigh' 
boring valence states. The following section deals with the computational methods 
which have proven successful in describing Rydberg states on a general basis. Ap- 
plications are then considered in which only Rydberg excited states are found in 
the low-energy molecular spectrum. Then a series of calculations will be consid- 
ered in which predissociation effects in the spectra of various diatomic molecules 
are described in a quantitative manner in terms of Rydberg- valence interactions. 
Finally, related nonadiabatic effects in the UV spectrum of ethene are considered 
which arise because of clear distinctions between the potential surfaces of Rydberg 
and valence states. 



2. Technical Requirements for the Description of Rydberg States. 

Since Rydberg orbitals are quite diffuse by definition, they can be described rather 
simply by means of exponential functions, either Lorentzian or Gaussian, with 
relatively small exponents. A typical value for a 3s AO of a first-row atom is 
0.02 for a Gaussian function, with 10-20% smaller values preferred for ^ 
and 3d AOs [12]. Exponent optimization can usually be done at the SCF level for 
an open-shell state in which the Rydberg orbital in question is singly occupied. 
Dunning and Hay have optimized double-zeta Rydberg sets [13], and it is difficult 
to imagine when a still more flexible representation would be needed. In general, 
treatments of Rydberg states are much more sensitive to the choice of valence AO 
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basis sets than to their diffuse counterparts. 

Another interesting aspect of this discussion is the question of where to locate 
the diffuse functions. For a small molecule the answer is that this choice is not 
critical. Whether they are located on the heaviest atom or somewhere in between 
any two of them generally makes very little difference on the final results, either 
with respect to total energies or charge density values. The lobe function concept 
[14] is quite useful in this context. For example, if one puts a diffuse s function 
at each of two centers the result is a single .v-type Rydberg AO (^i -I- 62 ) and one 
of p*type ( 6 \ — Similarly, ptr and dTr Rydberg orbitals can be quite effectively 
represented by means of a pair of pif AOs on adjacent nuclei. Problems do occur 
when a dissociation process is to be simulated, but they can usually be overcome 
by placing the Rydberg orbitals on the center which correlates with an atomic 
Rydberg state. 

The manner in which the many-electron treatment is carried out is more criti- 
cal. It was discovered rather early on that the SCF method is not accurate enough 
for predicting transition energies between a closed-shell ground state and excited 
Rydberg species because the latter have considerably less correlation energy. Mul- 
tireference single- and double-excitation Cl (MRD-CI) [15] has proven to be a 
practical method of overcoming such differences. A common orthonormal one- 
electron basis is needed for this purpose, however. Especially if there are many 
diffuse AOs in the basis, problems can develop from the use of neutral ground 
slate SCF MOs for Ihis purpose. This is because of the well-known fact that vir- 
tual orbitals in the Hartree-Fock method are computed in the field of all electrons, 
whereas a Rydberg orbital should be computed in the field of its ionic core with 
one less electron. Schwarz and Buenker [16] showed that one can overcome this 
difficulty by carrying out an SCF calculation for the corresponding ion, in which 
case the diffuse virtual MOs computed in a field of n-1 electrons are quite good 
approximations to the true Rydberg orbitals. Multiconfiguration (MC-SCF) treat- 
ments can also be quite effective in this regard, in which case a state-averaging 
procedure is usually preferred [17]. 

To obtain the proper balance of correlation energy for stales of different 
valence/Rydberg character, it is highly advisable to generate the many-electron 
wavefunctions by solving relatively large secular equations, especially when avoided 
crossings play an important role in the physical processes under consideration. In 
the MRD-CI approach [15] reference configurations need to be chosen on the basis 
of their contribution to all states of interest, whether Rydberg or valence, and then 
the corresponding Cl space is generated by making all single and double substi- 
tutions with respect to each of these configurations. Selection techniques can be 
employed effectively in this approach [15] as long as a moderately low threshold is 
used so that any perturbative energy corrections are based on a suitably accurate 
mixture of the component diabatic states at a given nuclear geometry. A careful 
balance in the choice of reference configurations is also required when Rydberg 
states belonging to different ionic cores are to be treated simultaneously. In all 
such treatments it is generally a good idea to compute at least one additional root 
of each symmetry beyond those that are specifically required in a given application. 
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Finally, it has become possible in the last few years to extend such calculations to 
systems with relatively heavy atoms through the use of relativistic effective core po- 
tentials (RECPs) including spin-orbit coupling, so all- valence-electron treatments 
up through the fifth row of the periodic table are now routine. Several examples 
of this type will be discussed in Section 5. 



3. Rydberg States of Saturated Molecules 

In order to focus on the theoretical description of Rydberg states of molecules 
it is helpful to First consider a few systems whose ground states fully occupy all 
available low-lying valence MOs, i. e. which have the electronic configuration of a 
rare gas atom. In this section we will consider four molecules of this type: water, 
ammonia, ethane and silane. 

3.1. ELECTRONIC SPECTRUM OF WATER 

The highest occupied MO of H 2 O is the lone pair 16j. This orbital is non-bonding 
and according to Walsh’s rules [18] its occupation has relatively little or no effect 
on molecular shape. In simple terms this means that ionization out of the 
MO leaves the bond angle of water virtually unchanged. Since Rydberg states are 
precursors of their respective fully ionized systems, one therefore expects that each 
of the excited states, where R = 3a, 3p, 3d, 45, . . . has very nearly the same 

equilibrium conformation as that of the water ground state. This in turn means 
that Rydberg excitations out of the lb\ MO produce a relatively sharp, almost 
atom- like, spectrum. For this reason it is possible to obtain a reliable picture of the 
electronic speclrura of the water molecule by simply carrying out Cl calculations 
for the equilibrium nuclear conformation. 

The first calculation of this type was reported in 1974 [19] employing a rela- 
tively small (DZ) basis set with a single s and p diffuse function to represent the 
key Rydberg orbitals. The resulting vertical transition energies are compared with 
experimental values in Table 1 [19]. The (6i-43a) A'Bj-X transition has been 
located by Knoop et al. [20] at 7.4 eV and the Cl calculations found it at 7.30 
eV. The latter result was greatly underestimated at the SCF level of treatment 
(6.50 eV), so there is already a clear indication of the effectiveness of the MRD-Cl 
method [15] in balancing correlation energies of stales of quite different character- 
istics. The corresponding a^Bi-X transition eneigy is 0.40 eV lower in the above 
Cl treatment, whereas Knoop et ai [20] reported a singlet- triplet splitting of only 
0.3 eV, albeit with error bars in the 0.1 eV range. 

The corresponding 6i->3p transition energies have also been measured [20] 
and the Cl results are also in good agreement with each of these three values 
(Table 1). There is a general tendency for the Cl calculations to underestimate 
ionization potentials of closed- shell systems, especially with rather small AO basis 
sets similar to those used in the treatment under discussion [19], for example, by 
0.48 eV for the Ibi value. This trend is caused to a large extent by the fact that 
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TABLE 1. Tt&nsition energies (eV) to the various low-lying states of water ob- 
tained in several treatments. 







This work (19] 




Earlier 


State 


Description 


SCF 


Cl 


Exptl- [20,211 


Calc. [191 


I'Ai 


ground state 


0.0 


0.0 


0-0 


0.0 




fei — ► 3s 


5.15 


6.90 


7.2 


6.89 




6.50 


7,30 


7.4 A 


7.22 


®A2 

’A2 


fei — ^ 3py 


S,21 

8.33 


9.04 

9.20 


9.1 


8.97 

9.02 


'Aj 


3oi — f 3s 


8.30 


9,01 

9.80 


9.67, 9.7 B 


9.34 

9.54 


*Aj 


6i Zpr 


8.62 


9.65 




9.39 


‘A, 




10.32 


10.17 D 


9-61 


®B, 


hi 3p, 


8.99 


9.84 




9.57 


^B, 


9.05 


9.90 


10 .OC 


9.48 


'Bj 


3ai — ♦ 3py 


10.18 

10.33 


10.99 

11.21 






^Bi 

■Bi 


3oi 3pc 




11.68 

11-72 






"A, 


3qi — ► 3p, 




11 53 






^B, 


hi oo 


11.16 


12.13 


12.61 






3qi 00 


13.10 


14-06 


14.7 





the neutral ground state has more electron pairs and thus a higher correlation 
energy than the ion. Since Rydberg electrons are relatively far removed from their 
respective ionic ccces one might have expected a similar situation to hold for 
transition energies from ground to Rydberg states, but the results of Table I do 
not exhibit such a trend. The explanation is most likely tied up with the fact 
that the Rydberg electrons for n=3 slates are still close enough to the ionic core 
to require a fairly high level of correlation with the valence electrons and thus a 
rather good balance is struck in the representation of such excited states vis-a-vis 
their corresponding ground state. 

The triplet-singlet splittings of Rydberg configurations are relatively small 
because the pertinent exchange integrals that determine these quantities involve 
one diffuse and one compact MO and thus are invariably fairly small in magnitude. 
The results of Table 1 are generally in agreement with this assessment, but there 
is an exception for the Ai (bi^Zpg) pair. This is an indication of an interac- 
tion involving other configurations. Fcr the relatively single Cl treatment under 
discussion it woiild appear that computational error may be involved to some ex- 
tent because of the need to orthogonalize the ^Ai Rydberg state to the ground 
slate of the same symmetry. In the absence of experimental data it is difficult to 
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be certain, however, whether such interactions are just artefacts or instead that 
they are indicative of a real effect. Evidence for the latter position comes from the 
fact that the Za\^R excited states of the same symmetry are also found in this 
energy region. Both Knoop ei ai [20] and Lassettre and Skerbele [21] found a B 
state at 9.7 eV which fits in quite well with the confuted ^(3ai— ►&$) transition 
energy of 9.80 eV (Table 1). Again a rather large triplet-singlet splitting is calcu- 
lated (0.79 eV), which could be an indication that the two pairs of Ai Rydberg 
states interact rather strongly with one another. Unfortunately, no experimental 
transition energies for the 3ai— ►Sp excitations are available for comparison with 
the calculations of [19]. One expects them to occur in the same energy region as 
and ibi-^4s Rydberg states, but these transitions were not considered in 
the theoretical treatment. 

The 3 ( 2 1 MO has a strong lendeocy to cause molecules which occupy it to 
be bent [18]. As a result the Rydberg states of HjO which result from exciting 
an electron out of it are found to be linear or nearly so. This was first shown 
in ab initio calculations by Horsley and Fink [22]. Bending potential curves for a 
number of low-lying water states have been reported by Theodor akopoulos et ai 
[23] and are displayed in Fig. 1. There it is easy to see the parallel behavior of 
the ground and potential curves, as already discussed. The corresponding 

3oi Rydberg state potentials have a quite different appearance, however, favoring 
linear geometries in accord with Walsh’s rules. From this diagram it is clear that 
the B'Ai (3ai“^3«) undergoes an avoided crossing with the D^Ai (I 6 j— v3p*) 
slate. The minimal splitting occurs near the equilibrium angle of the ground state 
(105"^) and has a magnitude of ca. 0.3 eV, indicating that these two diabatic 
Rydberg states do interact fairly strongly with one another, consistent with the 
above observations based on the vertical transition energy results. 

Another interesting feature of HjO spectral data is the intensity distribution. 
Optical / values on the order of 0.06 were calculated for both the B-X and A-X 
transitions [19]. Both results found verification with measured data, which reported 
/ values of 0.05 [24] and 0.06 [21], respectively. Considerably more elaborate cal- 
culations were later reported by Phillips et ai [25] and Theodorakopoulos et ai 
[26] for the A-, B- and D-X / values and very good agreement was found with the 
results of the earlier calculations for the H 3 O molecule [19], showing that the latter 
treatment grasped the essential requirements for obtaining an accurate represen- 
tation of the Rydberg states of this system. In subsequent work the generalized 
oscillator strength (GOS) variation with the square of the electron momentum 
transfer was also computed for the A-X transition [27] and was found to agree 
quite well with the measured data of [21]. Finally, it should be mentioned that 
recently data for the low-lying Rydberg states of HjO have been employed in the 
multichannel quantum defect theory (MQDT) to obtain an accurate description 
of entire Rydberg series [28], showing that ab initio Cl calculations have a wide 
range of applicability in this sphere beyond what can be accomplished with direct 
comparisons of results for specific Rydberg states which can be treated explicitly 
by such methods. 
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3.2. AMMONIA SPECTRUM 

Another example of a saturated molecule whose Rydberg states have been the 
subject of ab initio Cl calculations is the NHg system [29]. The highest occupied 
MOs of this system are the NH bonding ie, which is doubly degenerate, followed 
by the lone pair Saj. According to Waldi’s rues [18], ionization out of the latter 
orbital causes a definite change in equilibrium geometry from pyramidal to planar. 
Hence the absorption spectra for the lowest-lying Rydberg states of ammonia tend 
to be fairly broad, in contrast to what is observed for the transitions in 

water discussed above. 

Calculations have been reported [29] for a series of NHa 3ai-yfl transitions. 
The AO basis set employed contains two a and two p diffuse functions, so that 
both n=3 and 4 Rydberg states can be adequately described. The 3ai“+35 A-X 
transition will be discussed in some detail, especially its intensity distribution. 
Experimental GOS data for this system were also reported by Harshbarger et 
ai. [30]. The transition is marked by a long progression in the inversion mode, 
as expected from Walsh's rules [18], but the GOS data were not vibrationally 
analyzed. A maximum in the corresponding intensity distribution is reported at 
6.39 eV [31], which is quite consistent with the computed Cl vertical transition 
energy of 6.52 eV. The shape of the measured GOS curve as a function oi [30] 
is reproduced well in the calculations. The value at = 0 should be identical with 
the optical / value for this transition, which has been measured to be either 0.079 
[32] or 0.088 [33]. The extrapolated GOS value is 0.0696 ± 0.006 [30], while the 
calculated result is 0.0856. Runau et ai. [34] obtained 0.089 in earlier calculations, 
so it is clear that there is good agreement among the various values that have 
been reported for this quantity, both experimental and theoretical. Computed/ 
values have also been given for eight other low-energy NH3 Rydberg transitions, 
including 3ai— species (Basis B of [29]). They quickly decrease below 0.01 
as either n or 1 are increased, but a clear exception is noted for the 3ai-^3djr 
transition (0.0621). The 3ai->3dff^ is also relatively large (0.0161) according to the 
calculations. Experimental estimates for the 3fli— ►Sp B-X and C— X / values of 
0.003 have been given [33], in good agreement with the theoretical results of 0.0017 
and 0.0025, respectively. 

There is a good correlation between the calculated vertical transition energies 
of the low-lying NH3 3oi—^ /I excitations (Table 2 [29]) and the locations of inten- 
sity maxima in the observed spectrum, with discrepancies falling in the 0. 1-0.2 
eV range. When the geometries of the Rydberg states are optimized, it is found 
that they all prefer planar conformations with = 1.94 a©, the latter value 
being slightly larger than that of the ground state. The corresponding relaxation 
energies, defined as the difference of vertical and adiabatic (T«) transition energies, 
consistently fall in the 0.7-0.8 eV range in the calculations, consistent with the 
assumption that the various Rydberg potential surfaces parallel one another quite 
closely because of their common relationship to the corresponding ^Ai ion. The 
experimental 3ai^3^ relaxation energy is 0.67 eV and this compares quite favor- 
ably with the computed value of 0.71 eV [29], so there is again a good indication 
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TABLE 2. Comparison of the calculated Cl adiabatic (T*) energies (eV) of am* 
monia with results of experiment and a previous calculation . 



Transition 




This work [29] 
Basis Basis 


Exptl. 

[35,361 


Calc. 

(341 


n ^ 3s 


(A-X) 


5.31 


5.88 


5.72 


6.61 


n ^ 3pff 


(B-X) 


7-23(a?) 


7.10(r) 


7.34 (7.69)' 


6.98 






7,25(y) 


7.2i(y) 




7.34 


n — ^ Zp<T 


(C-X) 


7.72 


7.66 


7.92 




n ^ 4s 




8.20 


8.26 


8.69 




n -4 3d«r 






8-27 


8.69 




n —¥ Zd6 






8.36(i"-y*) 










8.25(iy) 






n — ^ 3djr 






8.54(rz) 


8.65 










8.54(yz) 






n — ► 4pir 




8.63(*) 


8.50(x) 


8.84 








8.64(v) 


8.64(y) 






n — ► 4p<7 




8.82 


8.89 


9.04 




rj -► CO (IP) 




9.90 


9.86 


10.25 





* With 8 and p Rydberg AOs. ^ With s, p and d Rydberg AOs. 

® Jahn*Teller component (see [35]). 



of the overall reliability of the Cl treatment employed. 

It comes therefore as a surprise to find that the measured T« values [35,36] for 
many of the higher-lying Rydberg states are 0.3-0. 5 eV larger than the relevant 
computed results. When it is recalled that the computed / values for the ccc- 
responding ground state transitions are much smaller than for the 3ai— A-X 
system, however, a simple explanation presents itself, namely that the true 0-0 
transitions are simply too weak to be observed in these cases. Possible verifica- 
tion comes from the 3ai-^3rfff transition, whose / value is comparable to that of 
A-X according to the calculations. In this case the computed value differs by 
only 0.1 1 eV from the measured result, indicating that the 0-0 transition has been 
found for this band system. In summary, it seems more realistic to conclude that 
certain of the Rydberg vibrational transitions are so weak that they escape exper- 
imental detection than to argue that such diffuse electronic states with a common 
ionic core somehow possess potential surfaces with significantly different shapes. 

3.3. ETHANE SPECTRUM 

The hydrocarbon ethane CjHg is another example of a saturated molecule with 
only Rydberg low-energy excited states. Computationally it represents a more 
difficult challenge for ab initio Cl treatments than either water or ammonia, and 
not only because it contains two nonhydrogenic atoms. An additional complication 
lies in the fact that ethane has several valence MOs from which low-energy Rydberg 
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transitions can occur, the degenerate CH-bonding le^ and the nondegenerate CC- 
bonding Thdi all three of their coir^nent orbitals lie very close in energy 
can be easily understood from valence bond considerations. The carbon atoms in 
the ethane ground state electronic configuration only engage in single bonds and 
the C-C and C-H types are well-known to be of nearly equal strength. Moreover, it 
is known from C 2 Hg calculations [37] that ionization out of each of these HOMOs 
leads to large geometrical changes. The corresponding Rydberg spectra are quite 
broad as a result [38,39]. 

There are two early CE studies of the C 2 H 6 electronic spectrum, one by 
Buenker and Peyerimhoff (BP) [40] and the other by Caldwell and Gordon (CG) 
three years later [41]. Both agree that the 1^^ and 3oig transitions to Rydberg or- 
bitals of the same n.l quantum numbers occur relatively close in energy, as expected 
from the above qualitative considerations. The calculated excitation energies gen- 
erally differ by 0.5 eV or more from one another, however, with higher values 
resulting from the CG treatment [41]. There was also considerable disagreement 
in the computed f values for these transitions. The BP value for the le^— fSpcr was 
0.054, for example, whereas CG found 0.164. 

The spectrum of ethane contains some discrete bands in the 8.7-10.1 eV region 
[38,39,42]. They have attracted wide attention because no comparable features are 
observed for other simple alkanes. Because ethane in its ground state equilibrium 
conformation has an inversion center and all the low-lying HOMOs are gerade 
(ICg and 8015 ), it has been argued in the experimental studies that 3s transitions 
cannot be responsible for the obsaved intensity in the bands centered around 9.4 
eV because they are electric-dipole-forbidden. The early BP calculations [40] fit 
in rather well with such an interpretation because they found singlet- singlet tran- 
sitions to Zpc Rydberg MOs at 9.86 and 9.91 eV. This is 0.5 eV higher than the 
above experimental band center, but an error of this magnitude was thought to 
be normal for the level of treatment employed. The calculations reported later by 
CG [41] obtained corresponding transition eneigies of 10.16 and 10.40 eV, how- 
ever, increasing the amount of the disagreement considerably. The latter authors 
concluded that their results were less accurate than those of BP, although from 
the purely technical standpoint it was difficult to see why this should be so. 

With this background Chantranupong ei al. [43] carried out an improved 
treatment of the ethane spectrum employing both a larger AO basis set and more 
extensive Q calculations. In addition, n=4 Rydberg stales were also considered, 
unlilce in the previous calculations. These results are compared with those of the 
BP and CG studies in Table 3. Two different sets of SCF MOs were employed 
[43], those of the ethane ground state and for a triplet Rydberg stale. These two 
sets of results are very consistent with one another, which lends confidence to the 
overall Cl treatment. It can be seal that the transition energies of the CG study 
are in notably better agreement with those of the more modem study [43]. In 
particular, the key 3p^ transition ena*gies are found at 10.4 and 10.6-10.7 eV, 
which is at least 1.0 eV higher than the observed location of the band center at 9.4 
eV [38,39]. The corresponding 3.9 transitions are computed to he much closer to 
the latter result. On this basis it seems advisable to reassign the ethane spectrum 
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TABLE 3- Computed vertical excitation energies (eV) to various singlet states 
of ethane using ground state MOs (GSM Os) and triplet state MOs (TSMOs). 
For the Eg and Cu states, two results are given from the calculations of the 
components Ag/Bp or A«/Bu, respectively, with the exception of the states 
in the TSMO basis, for which only the calculation was done, Comparison is 
also made with earlier theoretical results. 







Earlier calc. 


This work [43] 


Excitation 


State 


[40] 


[^i| 


GSMO 


TSMO 


Igg -► 4oig(3#) 




9.16 


9.61 


9.373/9.388 


9.470/9.484 


3fllg ^ 4<Ilg(38) 


'Alg 


9.21 


10.11 


9.933 


9.878 


leg -► 3o2u(3p«y) 


‘E„ 


9.91 


10.16 


10.310/10.310 


10.463 


3ajg — ► 3fl2ij{3ptT) 




9.86 


10.40 


10.578 


10.844 


leg 2€u(3pff) 




9-99 


10.69 


10-637 




'Et. 


9.94 

10.04 


10.69 

10.50 


10.641/10.654 

10.698 


10.577 


3aig 2€u(3pir) 
Ug -► 50lg(4«) 

leg ->• 4U2u(4p^) 
3o:g &aig(4s) 
Ifg — > 3eu(4p7r) 

3aig 4o5«(4pff) 
3flig ^ 3eu(4pjr) 


‘E„ 

’Ai, 

'A,„ 

'Eu 

‘A,u 

'A?„ 


10-00 


10-48 


10- 742/10.748 
11.239/11.242 
11.573/11.582 
11.591 
11.827 

11- 810/11.827 
11.838 
11.866 

11.920/11.921 


10.910 

11.285/11.281 

11.587 



to bring the interpretation in line with the quantitative results of the most recent 
Cl calculations. 

The ethane spectral intensity is actually roughly constant or even increasing 
from 9.4 eV up to the lowest IP beyond 12 eV. Koch and Skibowski [39] report 
a maximum at 10.7 eV, which is in excellent agreement with the Zpc excitation 
energies obtained in [43]. This means that the corresponding 3s transitions must 
be responsible for the band centered at 9.4 eV. Internal rotation of the ethane 
molecule destroys the inversion symmetry, so the aforementioned selection rules 
are far from absolute. Morerover, there has always been a consensus that the onset 
of the ethane spectrum at 8.1 eV can only be caused by transitions to the 3s. A 
relaxation energy of ca. 1.2 eV is implied by this assignment, which is certainly 
reasonable in light of what is known about the potential surfaces for the 

and ^ Ai^ states [37]. At the same time, relaxation of the Zpff Rydberg states 
by a similar amount would produce intensity in the 9.4 eV region as well. 

The intensity calculations [43] indicate that the 3flig-^3pir transition is the 
strongest, with an / value of 0.1152. The corresponding / value is 0.0626. 

These results are in better agreement with the original BP results [40] than with 
those of CG [41]. The latter treatment found that the leg-^3p^ transition is 
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strongest, for example, with a computed / value of 0.164. The n=4 Rydberg / 
values are calculated to be roughly 40% of their n=3 counterparts [43]. The sum 
over all n=3 4 /values is 0.37 in the most recent calculations, which is quite 

consistent with an estimate from experiment [42] of 0.3. The overall conclusions 
of the Chantranupong et al study is that it succeeds quite well in explaining the 
broad appearance of the ethane spectral data. It does not seem at all likely that 
vertical transitions to 3p<r Rydberg stales occur near 9.4 eV, so that 3s species 
appear Co dominate from the onset at 8.1 eV into this region. 

3.4. SILANE SPECTRUM 

Silane SiH 4 has a triply degenerate HOMO and thus presents similar problem for 
ab initio Cl calculations as does ethane. Again all low-lying electronic transitions 
are to Rydberg stales (2f2-^4s,4p, . . .). The experimental spectrum has been re- 
viewed by Robin [35], with intense bands noted at 72500, 78000 and 87000 cm“*. 
Calculations of this spectrum have been reported by Chantranupong et al. [44], 
Gordon [45] and Larrieu et al [46], all at the Cl level, and the vertical transition 
energy results are compared in Table 4. The 2t 2 ^ 3a transition is computed at 
9.41 eV in the MRD-Cl treatment [44], which is 3400 cm“' higher than the en- 
ergy of the lowest band. On the other hand, it is 2100 cin“* lower than the next 
observed peak. Recalling that the upper state is triply degenerate, it seems rea- 
sonable to assume that a Jahn-Teller distortion should be evident in the measured 
spectrum and therefore that both of the above observed features result from the 
same vertical transition. This interpretation fits in quite well with the MRD-Cl 
calculations since the 2^2 -44s transition energy falls roughly midway between the 
first two observed peaks. The other computed values of 9.28 and 9.89 eV are fairly 
consistent with this finding, whereby it appears that the transition energies of [45] 
are generally too high by 0.5-1 .0 eV. A weak band had been reported at 64100 
but it was questioned by Sandorfy [47] and was subsequently eliminated 
from consideration. The computed / value for all three components is 0.34 [44] or 
0.41 [46], which is consistent with the observed data. 

The corresponding 4p transitions are four in number, only one of which is 
allowed. The computed / value is only 0.03, reflecting the p— atomic character 
of this transition. The computed energy is 10.51 eV, but because of the low com- 
puted / value it seems unlikely that it is responsible for any of the three peaks 
mentioned above. Backing up this view is the finding that the 2^2— ►4</,5s group of 
transitions is much stronger. There are three ^T 2 upp^r stales in this case and the 
computed /value sum is 0.56, twenty times larger for these transitions as for 4p. 
The corresponding transition energies are 11.03 (4^0. 11.23 (4J) and 1133 (5s) eV, 
which all lie above the location of the third peak (10.79 eV). Taking the effects of 
Jahn-Teller distortion into account as in the 4s transition, it seems best to assume 
that the spectrum in the neighborhood of the latter peak is caused primarily by 
2tj-+4d,5s excitations. As with ethane, one should keep in mind that the absorp- 
tion spectrum is quite broad toward the ionization limit and thus one should not 
expect to make a definite assignment of intensity maxima observed in this range in 
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TABLE 4. Computed vertical transition energies Tv (eV) from the ground state 
of SiH^ to various excited singlet states and comparison with the results of other 
Cl calculations. 



Excitation 


State 




T. 




Thin work [44]^ 


f46l‘ 


[451 


2<2 -»• 4ci 


I'Tj 


9.408/ 9.419 


9.28/ 8.85 


9.89 


2fa ^ 3^2 


I'Ti 


10.121/10.107 




10.84 




l^E 


10.204/10.216 




10.89 




2' A, 


10.341 




10.98 




2'Ti 


10.506/10.470 


10.85/ 9.61 


11.14 


2^2 ^ 4ta 


2^X1 


10.772/10.796 




11.59 




31A1 


10.881 




11.62 




2^E 


10-878/10.882 




11.67 




3 ‘T 2 


11.030/11.061 


11.80/ 9.81 


11.56 


2<2 -+ le 


4 ‘Tj 


11.233/11.206 


11.05/10.49 


11-75 




3‘Ti 


11.270/11.238 




11.84 


2f2 ^ 5ui 


5‘T2 


11.327/11.283 


10.94/10.74 


12.20 


Stj — f 5t2 


4‘Ti 


11.630/11.593 




13.61 




3‘E 


11.776/11.794 




13.88 




4*Ai 


11.933 




15.44 




e'Tj 


12.S75/12.557 


12.36/10.98 


14.64 


2^2 ^ 6ui 


7 IT 2 


15.029/15.029 




15.91 



® For the degenerate states two results in the C 2 v pointgroup are given corre- 
sponding to for for *T 2 and *Ai/‘A 2 for ^B. No explicit 

calculation for the has been performed because by symmetry the results are 
equal to the corresponding data. 

* The two entries refer to the CIPSI treatment and the application of the muUiref- 
erence Davidson correction to MRSD-CI results. 



terms of single vertical transitions. Finally, it should be noted that transitions of 
valence type are also computed, but they lie just below the energy of the first IP. 
A very large/ value has been calculated (1.267) for the 'Tq-X^Aj transition of 
this type and hence the SiH 4 spectrum should no longer be dominated by Rydberg 
species in this spectral range. 



4. Rydberg*valence Predissociadon Effects 

The interaction of Rydberg and valence states leads to many interesting effects 
in molecular spectroscopy. These usually take the form of avoided crossings which 
produce unusual shapes in the associated potential curves. In this section we will 
concentrate on predissociation phenomena which are caused by such interactions. 
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4.1. HeH EXCIMER LASER 

Nobk-gas hydrides have repulsive ground slates but their positive ions generaDy 
have one or more bound states. The simplest example of this type is HeH and 
it has been studied extensively both experimentally and theoretically. A series of 
bound Rydberg states are found to edst above the repulsive ground slate and 
some of their potential curves are shown in Fig. 2. Ketterle et al. [11] have 
shown that the state is only metastable, decaying via predissociation caused 
primarily by an interaction with Honigmann et al. [48] have carried out Cl 

calculations of these states in a diabatic representation which makes the theo- 
retical interpretation in terms of Rydberg- valence mixing easily apparent. The Cl 
method itself produces wavefunctions which diagonalize the electronic Hamiltonian 
and these correspond to mixed valence-Rydberg states {adiabatic representation), 
as have been reported by Petsalakis et al. [49]. The curves in Fig. 2 are obtained 
by carrying out a unitary transformation of the mixed slates to produce wavefunc- 
tions which are nearly pure valence or Rydberg stales at all intemuclear distances. 
It is clear that the shapes of the valence ground state and various Rydberg ex- 
cited state potentials are quite different. Depopulation of vibrational levels in the 
quasi-bound slates can occur by either radiative emission or non-radiatively by pre- 
dissociation. In the latter case coupling between the Rydberg and valence diabatic 
states produces resonances whose energies have an imaginary component which is 
indicative of metastability, as observed experimentally through line broadening of 
the corresponding vibrational levels. 

The quantitative treatment of resonance states can be accomplished in several 
ways, but in the present work it is done by means of the complex coordinate 
method [50]. This involves either scaling the ro vibrational Hamiltonian by r 
re*® , where © is a real number, or by scaling the nuclear wavefunctions themselves. 
Either way one can obtain a complex symmetric Hamiltonian matrix which can be 
diagonalized to yield the desired metastable state eigenvalues and eigenfunctions. 
A particularly efficient means of carrying out such calculations involves the use 
of harmonic oscillator basis functions [51] which are very conveniently scaled for 
general potentials. The calculations are carried out at a small series of © values 
until stationary points are located in the complex eneigy eigenvalues which are a 
characteristic of the desired resonance states. Results can be obtained in either the 
diabatic or adiabatic representations, whereby in the latter case nuclear derivative 
matrix elements couple the participating slates. 

Computed line widths for ro vibrational levels of the HeH excimer in its v~0 
state are given in Tabk 5. Results have been obtained for four different 
isotopomers and they are compared with experimental data in each case. Quali- 
tatively the instability occurs because the repulsive ground state potential (Fig. 
2) cuts through the v=0 energy level to the short-distance side of the inner 

limb. The resulting resonance wavefunctions contain a small admixture of X^E*** 
character and there is consequently a finite probability of a nonradiative transition 
betweeen the quasi- bound Rydberg species to the ground state continuum. 

The line widths are measured to fall in the 2. 1-3.9 cm*' range for the ^HeH rovi- 
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TABLE 5. Theoretical line widths t (cm“^) for different rotational levels N of the 
tf = 0 mode of the state of different isotopomers of HeH in comparison with 
experimental results, (a) Previous theoretical results [49]. (ft) Theoretical results, 
this work [48}. {c) Averaged experimental results [II]. 





3HeH 


■*HeH 


*HeD 


«HeD 


(a) 


(6) 


(o) 


ib) 


(a) 


(b) 


M 


w 


0 


5.10 


3.82 


4.27 


3.18 


1.31 


0.87 


0.83 


0.6C 


1 


5.03 


3.75 


4.21 


3.13 




0.86 


0-82 


0.59 


2 


4.89 


3.63 


4.11 


3.03 


1.28 


0.83 


0.81 


0.57 


3 


4.69 


3.45 


3.95 


2,88 


1.25 


0.80 


0.79 


0.55 


4 


4.09 


3.22 


3.75 


2.70 


1.21 


0.76 


0.77 


0.53 


5 


3.81 


2.95 


3.52 


2.48 


Ha 


mm 


0.75 


0.49 


6 


3.50 


2.66 


2.94 


2.22 


W3M 






0.46 


7 


3.16 


2.35 


2.68 


1.99 


0.89 


0.60 


0.68 


0.42 


8 


2.81 


2.05 


2.40 


1-74 


m 




mm 


0.38 


9 


2.24 


1.74 


2.12 


1.49 


WB 






0.34 




(■ 




(0 


(C) 


(C) 


< 5 


3.9±1.0 


3.1±1.0 


1.2±0.4 


1.1 ±0.4 


> 5 


2.1±0.4 


1,2±0.4 


0.0±0.4 


0.5±0.4 



bronic levels, and this corresponds to lifetimes of 1-2 ps. The line widths decrease 
with the mass of the isotopomer. There is generally quite good agreement between 
the calculated and measured values, especially for the complex scaling results. 
The instability increases with vibrational quantum number, so much so that ex- 
perimental data are only available for the deuteraied isotopomers for the t;=l 
level [11]. Such trends are also reproduced quite well in the calculations. Radiative 
transition probabilities have also been calculated for this system for a variety of 
excited states and similar results have been reported for the heavier NeH [52] and 
ArH [53] excimers. 

4.2. O 2 SCHUMANN-RUNGEINTERACTIONS 

The rare-gas hydrides provide examples of the interaction of repulsive valence 
states with quasi-bound Rydberg states. This by no means exhausts the possi- 
bilities for such interactions, however. In the Oj spectrum, for example, discrete 
levels are found in the Schumann-Rung e continuum which result from the mixing 
of vibrational levels from Rydberg and valence states which are both bound. The 
Schumann-Runge state itself results from a valence excitation. Its 

potential curve has a minimum at a larger bond distance than the . . 
ground slate, but it is still bound by a comfortable margin. Rydberg stales of the 
same symmetry result from ng-^npn^^ transitions and their potential curves have 
minima at even shorter r values than X^Ej.The latter trends are easily under- 
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standable from the respective bonding and antibonding character of the JTy and Wg 
MOs, and of course the nonbonding properties of the Rydberg orbitals. Computed 
adiabatic and diabadc potentials for these various Oj states are shown in Fig. 3 
[54], 

These results show that there is a senes of Rydberg- valence avoided crossings 
in the neighborhood of the equilibrium distance (r = 1.20752 k [55]). At 
larger r values the valence state is more stable but its diabatic potential 
curve crosses those of the Rydberg stales of the same symmetry as one proceeds 
to shorter bond lengths. The main effect of these interactions is the formation of 
a quasi-bound state of mixed Rydberg- valence composition which supports three 
discrete bands in the Schumann-Runge continuum. Tanaka [8] identified these 
bands in 1952 but was not able to assign them because the large spacing of 2400 
cm“^ between them did not seem to allow an interpretation in terms of a single 
Oj state. It took nearly a quarter of a century to solve this problem by means of 
ab iniiio Cl calculations [9,10]. The avoided crossing of the Rydberg and valence 
states produces an unusually sharp potential well for the upper adiabatic state 
which corresponds to a triple O2 bond. 

More recently Lewis el ai [56] reported photoabsorption cross sections for 
different O3 isotopomers which provide more detailed information about this Ryd- 
berg- valence interaction. Since the discrete levels lie in the Schumann-Runge con- 
tinuum there is a probability of nonradiative transitions in this case as well. The 
complex scaling method was therefore employed for the O2 system of poten- 
tials and coupling elements. The results for transition energies and line widths are 
compared in Table 6 with the available experimental data for three isotopomers 
of Oj- The uncorrecled ab initio energies are used and they overestimate the cor- 
responding measured values by 0.07-0.10 eV in all cases. Two sets of energies 
are given for the coupled diabatic and the uncoupled adiabatic treatments. The 
spacings between successive levels are seen to be in excellent agreement with ex- 
periment and so there is no doubt that the potentials in Fig. 3 represent the 
true situation quite well as a strong Rydberg- valence interaction. The computed 
line widths are very sensitive to a number of factors, particularly the relative lo- 
cations of the Rydberg and valence diabatic potential cmves. The agreement can 
be improved by making ad hoc adjustments, but this was not done in the present 
case because the most important trends in the experimental line widths [56] are 
faithfully reproduced in the original calculations. Fcr ^^0? the v = 0 F value is 
measured to be 5-6 cm“ ' while that for v s 2 is over twenty limes larger. No result 
could be obtained for v = 1. The calculated values are 2-3 times larger but they 
show clearly that the instability increases sharply with t;. The t» = 1 F value is 
computed to be eight times larger than for ti = 0. 

Three F values have been measured for each of the other two isotopomers. 
The results for are quite different than for and this is reflected in 

the calculations. The u = 2 F value is nine times smaller in the heavier species, 
for example. The t» =1 level is broader than either of the other two in this case. 
The order of F values is reproduced in the Cl calculations, with the u = 1 F 
value double that measured. The v = 2 linewidth is computed to be about half 
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TABLE 6. Calculated transition energies Tv (eV) between (v" = 0) and 

vibrational levels v' of the state of various isotopomers of O 2 , as well as 

their predissociation lifetimes Ft; (cm"^) [54] and comparison with experimental 
data [56). 





r/ 




% 




r. 




Exptl. 


Calc. 


Calc.“ 


Exptl. 


Calc. 


“02 


0 


9.966 


10.060 


10.008 


5.6 


18.0 




1 




10.365 


10.331 




146 




2 




10,636 


10.596 


121 


237 


J«0'®0 


0 




10.054 


10.006 


0-9 


3.1 




1 




10.356 


10,322 


106 


189 




2 


10.556 


10.625 


10.583 


68 


173 


'«02 


0 


9.954 


10.049 


10-004 


1.7 


0-52 




1 


IItvM 


10.348 


10.312 


109 


207 




2 




10.610 


10.56$ 


26 


95 



^ Adiabatic results. 



as large, while the v ^ 0 value is less then l.O cm ^ The mixed system 

has computed line widths which are more similar to than but which lie 
between those of the latter two in each case. This result is easOy understandable 
in terms of the manner in which the reduced mass enters into such calculations. 
The observed data do not exactly fit into this simple pattern, however, but if one 
assumes a slight amount of experimental error in the case of the various v =s 0 F 
values consistency is restored. 

The radiative depopulation mechanism has also been studied in the above 
calculations and the computed / values are compared with the optical [56] 
and electron impact [57] results in Table 7. The 0-0 transition is found to be 
the strongest of the cold bands. The computed / value of 0.017 overestimates 
both of the observed values, but there is also disagreement between the optical 
and electron impact measurements. There is better agreement for 1-0, although 
no optical result is available. The electron impact results suggests that these two 



TABLE 7. Calculated / values for the transition in Oj and compar- 

ison with experimental data. 







Calc. [541 


Calc. [54)“ 


optical [56] 


electron 
impact [57] 


0 


0 


0.01742 


0.01820 


0.00625 


0-0102 


1 


0 


0.00562 


0.00651 




0.00804 


2 


0 


0.00061 


0.00122 


0.00083 


0.00147 


0 


1 


0.01248 


0.01055 


0-0112 





^ Adial>atic results. 
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transitions are more nearly equal in strength than in the calculations, but again 
it should be noted that such comparisons are quite sensitive to the spacing of 
the corresponding energy levels. There is good agreement between theory and 
experiment for the 2-0/ value, all agreeing that it is in the 10"*^ range. There is 
also relatively good agreement between the calculated and optical 0-1 / value. 

One of the most interesting features of these transitions derives from the elec- 
tron impact measurements. The generalized oscillator strength property normally 
behaves quite similarly for different bands of the same electronic transition. A clear 
exception is found in the present case, however, when the GOS variation with 
is compared for the 0-0 and 1-0 bands [54,58]. The 0-0 results increase with 
until a maximum is reached near = 0.3, whereas the 1-0 value decreases mono- 
tonically from A*^ = O.The explanation again lies in the nonadiabatic interaction 
between the Rydberg and valence states. 

4.3. TRIPLET-SINGLET INTERACTIONS 



Another interesting example of Rydbcrg-valence mixing which leads to meta- 
stability in the associated rovibronic states is found in the manifold of Oj 

states. The Rydberg states have diabatic potential curves which run nearly 

parallel to the ng-^npif^ species discussed above. Because of their diffuse character 
the respective triplet and singlet potentials are only separated by a small margin, 
as can be seen from Fig. 4. There are two valence states of symmetry in 
the same energy region, caused by ^d Iwy— transitions relative to 

The former ^Ilg potential is repulsive and crosses the (3s) curves 

just to the right of their minima (Fig. 4). The corresponding singlet lies notably 
higher in energy because of the large exchange integral between the valence <Tg 
and ffj MOs. It possesses a potential well at relatively large r values which is 
responsible for some interesting effects. The corresponding vibrational levels are 
only metastable, however, because they are crossed near the location of the min- 
imum by the repulsive 7r«^3<ru potential curves. In order to describe the 
corresponding interactions theoretically it was decided to carry out a coupled treat- 
ment involving two equivalent sets of 13 states: four singlets and three triplets 
(Q = 2,1,0 in each case). The radial and spin-orbit coupling mechanisms were 
considered together and the complex scaling technique was employed to obtain 
ro vibrational energies and wavef unctions [59]. Experimental data for the energy 
locations and line widths of the associated band systems have been reported by 
Sur et ai [60], Johnson et at. [61] and van der Zande et al. [62] using resonance 
enhanced multiphoton ionization spectroscopy (REMPI). 

The energy spacing between the v = 0 levels of the C^Ilj (3a<Tg)and d'llg 
(3s<Tg) states has been computed to be 649 cm“^ {J = 1), slightly below the 699 
cm“^ value observed (60]. TTie C-X Too value is computed to be 65698 cm which 
^rees quite well with the *^0^ measured value of 65681 cm"^. The spin-orbit in- 
teraction splits each rotational level of G^Ilg with J > 1 into three components, 
denoted - F3. Computed results for the energy locations and linewidths of var- 
ious (v,J) levels are given in Table 8 for comparison with corresponding observed 
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data. The quasi-bound potential curve was shifted upward by 1100 cm* ^ to 
obtain the correct energy difference between the C^Ilp v = 0 level and the + 
asymptote, and it also was displaced inward by 0.038 ao* It was also advantageous 
to shift the valence state's potential inward by 0.008 do to obtain the best pos- 
sible agreement between theory and experiment. The Fx-F^ ^d Fj-Fa splittings 
(tf = 0) calculated to be 79 and 97 cm”S>^P®*^tively. Two sets of experimen- 
tal splittings for v = 2 are reported: 72 and 106 (J = 2 [60]) and 85 and 108 
(J = 25 J63]), whereby the respective computed values are 74 and 98 cm“'. 
The observed irregularities in the vibrational spacings are well reproduced in the 
calculations and are seen to result from the Rydberg- valence mixing effects. 

The observed line width data vary strongly with vibrational quan- 
tum number (Table 8). Only the v = 2 level of the state is rotationally 

analyzed, and relatively small T values of 6 and 11 cm“' have been measured 
[56,61]. The v = 1 linewidth is two orders of magnitude larger, whereas that of 
t; s 0 is intermediate in value. These trends are reproduced very well in the calcu- 
lations. They indicate that F for v = 2 decreases by 50% in going from the Fi to 
the Fs component in the entire J = 2 — 25 range studied. The explanation for this 
behavior is tied up with the different jr* occupations in the respective Rydberg 
and valence states. As a result, the valence state has an inverted order of spin 
states while the Rydberg state has a regular order. This affects the degree 

of state mixing for the different components and this shows up in their F values. 
Observed F values for v ^ 5 of have been reported by Copeland [64] and 
they also show a decrease of a factor irf two from F^ to Fa The calculations agree, 
with values of 16.2, 15.6 and 8.1 cm”* having been computed. 

Analogous results have been obtained for the d*rig (3s (T^) state, as shown in 
Table 9. The linewidth of the v = 4 level has been observed [60] to decrease with 
J for the isotopomer, and this trend also is found in the calculations. The 
measured *^0^ F values are in the 10 cm”* range [60] for J ^ 1 — 10 and decreasing 
toward J = 25.The calculations find 12.0 cm”* (oij ^ 1 and 3,6 cm“*for7 s 25 
(*^02)> in good agreement with these observations, and 52.8 cm** [J = l)and 32 
cm”* {J = 25), compared to the measured estimates of 30 and <15 cm”* (**02), 
respectively. Sur et al. [60] have also reported a F value for u s 0 and J = 1 of 2.0 
cm'*, whereas the calculations find 1.3 cm”*. 

The double minimum in the *0^ potential curve (Fig. 4) receives verification in 
the experimental data. The left minimum corresponds to a Rydberg state, while 
that al larger r is for the more antibonding valence state. Sur ef al. 

[60] report that the B value is not independent of going from 1.68 cm"* for 
t = 0 to 1.15 cm”* for v s 3. The corresponding v = 2 level could not be 
rotationally analyzed, and in this case the calculations find two resonance lines 
with B values of 0.95 and 1,48 cm**. This is what one must expect from such a 
double minimum, but the metastability erf the levels is too large to confirm these 
values experimentally. As the temperature is increased the higher-energy feature 
gains in intensity, which can be explained on the basis erf the different F values 
computed at J = 1 and 20 for the two bands [59]. 




TABLE 8. Calculated and experimental energy positions Tvj (cm and linewidths T^j (cm *) of the spin-split components 
Fif F-i, and F$ for the v = 0 — 5/J = 2 — 25 levels of the C^n^(3«^) state of The entries given in a second row (in 
italics) for V = 2 and 4, respectively, correspond to T^j of the isotopomer. 

Theoretical [59] 
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to - 1). Fq(Q) is set to zero. 

^ Reference [60] . 

^ Experimental results for Fi and Fq are -72 and 106 cm“* and -84 and 108 cm“^ res|>ectively. 
Reference [62). 

* Experimental results for the Fi, Fj, and Fz components are 3.2, 2.6, and 1.8 cm“^ respectively. 




TABLE 9. Calculated and experimental energy positions Tvj (cm"^)® and line widths Tvj (cm"*) of the t = 0 — 7/J= 1—25 
levels of the d*Il^(3s^) state of *^02. The entries given in a second row (in italics) for v = 0, 1,4,5,6>7 correspond to 
of the iaotopomer. For v = 2, 3 the entries in the second row correspond to satellite resonances. 
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Rotationally resolvable up to J = 12 [60] . 
Rotation ally un resolvable [60] . 
Corresponding satellite resonance. 
Rotationally resolvable up to J = 11 [60]. 
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Finally, it can be noted that the competition between the radial and spin-orbit 
coupling mechanisms in the d-X spectrum has been studied by van der Zande et al. 
by analyzing the dissociation products [62]. If predissociation leads to the valence 
^rio state one product is 0('D), whereas if it goes by way of ^n^the product is 
0(^P). These authors found that spin-orbit dominates for = 0, whereas radial 
coupling is the principal mechanism for y = 2. This conclusion has been checked 
by comparing r results obtained with and without spin-orbit coupling in the Cl 
treatment [59]. The calculations find results erf 10“ 1.0 and 9.6 cm*', respec- 
tively, for y “ 0, 1 and 2 (J = 1} without spin-orbit coupling, but corresponding 
values of 1.3, 6.4 and 12.0 cm“' with this interaction. It is thus clear that ra- 
dial (homogeneous) coupling picks up importance as v increases, consistent with 
the observations. Rotational coupling has also been studied in the calculations 
(S-uncoupling) and the computed results for linewidths of the C^FI^ (Sserg,) state 
are also found to be consistent with experimental values [65] in this instance. 

4.4. TICI AND AsO PREDISSOCIATION 

Predissociation effects caused by Rydberg states are not only found in the spectra 
of light molecules. The development of relativistic effective core potentials [66] 
has made it possible to carry out ab initio calculations for systems containing 
relatively heavy atoms such as lead and bismuth. Molecules of this type are usually 
characterized by a large number of low-lying valence-type excited states, but their 
IPs also lie well below those of light isovalent systems, so the potential for Rydberg- 
valence mixing is not diminished. Several concrete examples of such phenomena 
are discussed below. 

The thallium chloride molecule has the electronic structure of BF or CO, 
with ten valence electrons. Its low-lying excited states derive from ir—yff*, 5 it— ► rr*, 
5^— and excitations. The lowest-energy Rydberg states are found at 

similar energy as the 4<T-^7r* ^0 slate, which has a relatively large bond length 
because of the bonding nature of 4u*-The corresponding ^11 is not even bound. The 
So* Rydberg states have relatively slowly varying potential curves, whereby 

the lowest singlet is a main constituent of the E2O'*’ state [67]. Its potential curve 
possesses both a maximum and a shallow minimum. The corresponding barrier 
to dissociation has a key effect on the EO***, causing its upper vibrational 

levels to predissociate. The E3 state correlates with the 7s T1 Rydberg state, 
but at intermediate distances it is also found to have a significant admixture of Ip 
[ 68 ]. 

Spin-orbit coupling splits apart the 4^— ytr* ^11 state and produces the EjO'*’ 
species. The relativistic Cl calculations [68] find it to have a T« value of 54602 
cm“',only 889 cm“' lower than observed. The RECPs tend to overestimate the 
bond lengths of the TICI states by roughly 0.10 A, but in a uniform manner, so that 
the relationships of the various potential curves are accurately represented. The 
5 <t— > 7s,p Rydberg state undergoes an avoided crossing with the 4 species, 
producing a complicated appearance for the corresponding EiO'*' and EjO* states 
[68]. This in turn is responsible for the observed predissociation effects [67]. In par- 




82 



ticular, the barrier in the £ 20 *^ potential curve at large r values leads to variations 
in line broadening with rotational quantum number. The Cl calculations give a 
clear picture of the electronic states which produce these effects and it is again 
apparent that strong mixing between Rydberg and valence states is essential to 
explain these phenomena. 

Another example of Rydberg- valence mixing in heavy systems has led to some 
confusion in the literature regarding the dissocation energy of the AsO system. The 
state is found to have a large amount of ir*-^ns Rydberg character [69], and 
is the only low-lying state of this system with As’ O'** polarity. It has a minimum 
in its potential curve which is almost coincident with a maximum in the 
potential (Fig. 5). The latter state derives from a valence-shell excitation. 

The equilibrium distance of the Rydberg state is somewhat smaller than the 

X^n value, as one would expect from the effects of depopulating the anti bonding tt* 
MO. The fact that relatively high rotational levels are mixing in the B-X emission 
spectrum (N'>21) led Callomon and Morgan [70] to conclude that the As (^S®) 
-I- 0(^P) dissociation limit occurs at roughly this energy or slightly below (4.980 
eV). The calculations with RECPs [69] show, however, that the onset of the B 
level perturbations occurs because of the need to pass over the A^S* barrier at 
this point (Fig. 5). 

Since the energy at the top of the A^E"** barrier is significantly higher than 
the dissociation limit in question, it is clear that the original experimental inter- 
pretation rests on a shaky assumption. The alternative view that the Rydberg A 
slate is involved is supported by the work of Meyer [71] who indicated that the 
perturbing state should also be of ^ similar situation was noted 

for the experimental £)§ value for the X^Il stale of the isovalent SbO molecule 
[72]. The calculations for AsO find a convergence point for a large series of po- 
tential curves with the above asymptote to be 32500 cm“^ This is 6100 
lower than the location of the A-state potential maximum believed to be respon- 
sible for the onset of line broadening in the B^EJ ’^2 levels. The sum of 

these two energy values is 38600 cm“^ which is roughly 200 cm* ^ (0.25 eV) below 
the observed value of 40650 cm”' for the onset of line broadening. This would 
imply that the ground state value is actually 34500 cm”' or 4.28 eV, some 
0.7 eV lower than in the original interpretation. It should be noted that the spec- 
troscopic estimate of [70] has also received confirmation based on thermodynamic 
measurements [73], but this result is also not conclusive in itself. At the very least, 
this example shows the importance of obtaining accurate potential curves before 
coming to final conclusions about the values of dissociation energies in molecular 
spectra. In particular, one cannot afford to overlook the role that Rydberg states 
may play in a spectrum otherwise dominated by valence-type species. 
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V. Rydberg- valence Mixing in Hydrocarbons 

As mentioned in the Introduction, one of the most surprising results of early ah ini- 
tio calculations was the finding that the ^(ff, ff*) V state of ethene is notably more 
diffuse than the corresponding triplet. The key to this finding is again Rydberg- 
valence mixing. The ff— >3s Rydberg transition has an absorption maximum near 
7.1 eV [74]. Because of the inversion symmetry of the ethene molecule the corre- 
sponding ir-+3p transitions are forbidden, so one expects the next Rydberg bands 
which are observed to involve 3d components. One of these, Sd^r^jhas the same 
symmetry as (he valence MO. Wilkinson and Mulliken [74] found absorption 
bands with To values erf 8.257 (3R') and 8.616 (3R")eV which belong to Rydberg 
series and thus are reasonably assigned to ff— ^3d transitions. A broad maximum 
was also found near 7.66 eV which was assigned as the *(ir, ir*) valence transition, 
well below the above Rydberg bands. Semiempirical calculations are able to repro- 
duce the latter transition energy value (1,75] but only by assuming a relatively low 
value for the {k, tt*) exchange integral. Without the benefit of ad hoc optimization 
procedures ab Cl calculations consistently find *{«*, jt*) transition energies 

in the 8.5 cV range when diffuse dp basis functions are omitted from the AO basis 
[76,77], at least 0.8 eV higher than the above experimental intensity maximum. 
Adding such functions always lowers the energy of this state significantly, but not 
enough to bring the vertical transition energy in coincidence with the 7.66 eV 
result [7,78,79]. 

To study this problem Petrongolo et al. [78] carried out a series of Cl cal- 
culations for a number erf electronic transitions of ethene. Potential curves were 
obtained as a function of both C-C stretch and torsion of the CHj groups. Earlier 
calculations [80] had indicated that the * (ir, jr*} state undergoes an avoided cross- 
ing with the *(7T, 3py) Rydberg state upon twisting out of the planar ground state 
equilibrium configuration. This was confirmed on the basis of the more accurate 
Cl treatment of [78], as shown in Fig. 6. Two different Rydberg states thus play 
a key role in producing the V-N intensity distribution which is observed. The V 
state reached upon vertical excitation is a mixture of the jr*) and the 3d?r) 
Rydberg diabatic states. This interpretation receives strong support from the cal- 
culated vertical spectrum [78], as indicated in Table 10. Four of the ^ ^ 3d) excited 

states are found to have nearly equal transition energies, varying from 8.73 to 8.92 
eV. One is missing from this list, however, the species. This plus the afor- 

mentioned finding that the '(«*,»•) state has a computed vertical energy in the 
8.5 eV range when diffuse ndir basis functions are omitted from the theoretical 
treatment suggests a straightforward explanation for the diffuseness computed for 
the V state in this nuclear configuration. These two diabatic states of the same 
symmetry have nearly equal energies and they interact strongly with one another. 
The lower of the two states resulting from this perturbation is found about 0.5 eV 
below the position of the diabatic states themselves. The corresponding wavefunc- 
tion is best described as a mixed valence-Rydberg state. The upper state resulting 
from this mixture has been pushed above the original diabatic energy, thereby 
placing it far above the location of the other '(w, 3d) excited states (Table 10). 
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TABLE 10. MRD-CI vertic&l electronic transition energies (eV) to several excited 
states of C2H4 [78). 
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Mulliken showed as early as the 1930s [75] that the valence stale 

has a potential maximum in the planar elhene geometry. On the other hand, the 
corresponding ion behaves quite differently with torsion, first stabilizing slightly 
and then reversing direction around r = 30® and thereafter increasing in energy 
toward the perpendicular geometry. This behavior is evident from the computed 
potential curves of Fig. 6. As the molecule twists out of the planar conformation 
the valence *(jr, ff*) state rapidly gains in stability over the Rydberg ^(ff, 3djr) 
diabatic state. Consequently the parameters of the Rydberg- valence mixing change 
and the V state quickly becomes more valence-like. At r s; 20® Mulliken’ s model of 
a purely valence V state becomes quite accurate and this trend continues unabated 
as twisting continues into the perpendicular nuclear arrangement. As the V slate’s 
energy decreases, however, something else happens, namely the potential curve of 
the ^(ff,3py) Rydberg slate begins to rise until the avoided crossing of Fig. 6 occurs. 
Petrongolo et ai [78] computed nonadiabalic matrix elements for this interaction 
and showed that it has an important influence on the intensity distribution for the 
V-N transition. In particular, it was shown that the broad appearance of the V-N 
bands [74] is caused in large part by the mixing of the torsional vibrational levels 
of (he *(ff, ff*) and ^ Sdsr) diabatic stales. Prior to this calculation it had been 
assumed that the aformentioned broadness is caused by an extreme lengthening of 
the C-C bond upon excitation [75], but this interpretation had also failed 

CO receive suppport from ab initio Cl calculations [80], which indicate that only a 
slight increase (ca. 0.05 A) in this quantity actually occurs. 

The size of the ?r* MO in the V stale upon vertical excitation from the 
ethene ground state has been a subject of great interest in computational quantum 
chemistry. Initial estimates based on SCF or small Cl calculations gave values of 
<z^>v5<’4*v| which were too high by a considerable margin. This led 

to speculation that the calculated diffuseness was just an artefact of poorly cor- 
related electronic wavefunctions rather than an indication of significant Rydberg- 
valence mixing. Recently this question has been studied with high-quality Cl cal- 
culations [77] employing a large AO basis including as many as three ndfl* Rydberg 
functions. It was found that the corresponding values for the N ground slate 
and T ^(rr, ?r*) stales are nearly identical at 11.7 and 11.8 a^, respectively. The 
<t^>v value is about 50% higher (18± 1 ao)**^*^ ^ perspective, however. 
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it should be noted that a pure Rydberg diabatic has an <x^> value in 

the 65-75 range. Moreover, molecular torsion rapidly reduces the <x^>value 
for the V state itself because of the different shapes of the respective valence and 
Rydberg diabatic potential curves. 

The importance of Rydberg- valence mixing in the elhene excited states raises 
the question of how important such effects are for larger polyenes. Some of the 
first investigations into this point were carried out for trt^«5-butadiene [81,82] and 
considerable diffuseness was noted for the lowest state. Later more exten- 

sive calculations reported by Cave and Davidson [83] also found significant diffuse 
character in this wavefunction and suggested the possibility of non vertical tran- 
sitions being responsible for the observed absorption maximum at 5.92 eV. Just 
as with cthene, these results are quite dependent on the nuclear geometry and 
relaxation of the upper slate lends to lower the amount of diffuseness compared 
to vertical excitation. Rai et al. [84] found that both CHj torsion and especially 
inversion of the single-double bond relationships (C-C stretch) lower the energy of 
the ^(jr, ff*) state in question and also reduce the degree of its diffuseness. There 
is thus evidence that the broadness of the /ran.s-butadiene spectrum in the 5.9 eV 
region also is connected with the interplay of the diabatic potential surfaces for 
Rydberg and valence states, including associated nonadiabatic effects. 



6. Conclusion 

Rydberg electronic states can be described in a straightforward manner by means 
of ab initio Cl calculations. The corresponding diffuse MOs can be represented 
quite simply by one or two Gaussian functions with exponents in the 0.0 1 
range. Transitions to Rydberg states of low principal quantum number can have 
large / values and hence the spectra of saturated molecules such as water and 
ethane are marked by high intensity. When Rydberg and valence electronic slates 
occur in the same energy region, significant mixing effects can occur. This can 
take the form of strongly avoided potential surface crossings and the production 
of irregular vibrational progressions. Spectra can be significantly broadened as 
a result and absorption maxima can be shifted away from the region of strict 
Franck-Condon verticality. Individual ro vibrational lines can also be broadened 
significantly as a result of predissociation effects induced by barriers resulting 
from Rydberg- valence mixing. The theoretical description of excited states is thus 
often greatly complicated by the presence of Rydberg series in interesting spectral 
regions, but advances in the treatment of electron correlation effects over the past 
25 years have made it possible to describe the effects of Rydberg- valence mixing 
in close detail for relatively small molecules. One can only hope that the range of 
systems which can be handled in this manner will continue to expand in future 
investigations. 
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Abstract. The electronic circular dichroism (CD) spectra of 2,3- 
dimethyloxirane (DM0), 3-methylcyclopentanone (MCP),trans-cycloocten 
(TCO) and a trans-cycloheptene derivative (TCH) have been investigated 
by density functional calculations combined with a random phase approx- 
imation treatment. The results are compared to experimental gas phase 
spectra. On the basis of a good agreement between theory and experiment 
for the excitation energies and rotatory strengths, a nearly complete assign- 
ment of the excited singlet states involved could be made. In particular, 
mixing of Rydberg and valence states gives non-negligible contributions to 
the CD spectra of TCO and TCH. In DMO an avoided crossing of n ^ 3p 
and a -V 3s states has a significant effect on the CD spectrum. For MCP 
the differences between the spectra of axial and equatorial conformers are 
discussed. 



1. Introduction 

Experimental circular dichroism (CD) spectra in the vacuum-ultraviolet 
have become increasingly available in recent years, thereby providing an 
additional source of information for the assignment of excited electronic 
states of chromophoric groups. In general the selection rules and intensity 
distributions in CD are different from ordinary absorption spectra. This is 
of particular importance in the case of Rydberg states of larger molecules 
where an experimental detection and assignment of the measured bands to 
individual states is complicated by the occurence of overlapping bands and 
low absorption coefficients in ordinary absorption spectra. The other per- 
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spective is to use CD spectroscopy as a structural probe not only providing 
information about absolute configurations (by comparison witJi theoretical 
data) but giving detaUed structure-chiroptic relationships [1]. 

In electronic CD spectroscopy, one of the main quantities of interest 
is the rotatory strength, /?, which gives the intensity of a CD band. In 
non-oriented media (gas phase, fluid solution), the rotatory strength R for 
a transition between two electronic states, $o ’J'/i is given by the 
imaginary part of the dot-product between the electronic and magnetic 
dipole transition moment vectors 

R = /m(< *oH®/ >< >) (1) 

where fi and m are the electric and magnetic dipole moment operators 
(for further details the reader is referred to ref. [2]). 

Experimentally, one obtains ^ of a given CD absorption band by inte- 
grating the area under the corresponding peak. It can be shown P] that in 
cgs units 



R = 2.297 X 10"®® r (2) 

where Ae is the difference of extinction coefficients for left- and right- 
handed circular polarized light and v is the excitation frequency. Thus, 
the theoretical simulation of a CD spectrum requires the knowledge of the 
excitation energy AE (usually the center of a band) and the two transition 
moment vectors in eq. 1. From our experience with numerous calculations 
it appears that good results for larger molecules with several close-lying 
states can only be obtained with wavefunctions of high quality. 

From a chemists point of view the carbon-carbon double bond is the 
simplest chromophoric moiety and thus, it has been studied extensively in 
ethene. In alkenes CD activity can be induced through distortion of the 
double bond by twisting (inherent chiral chromophore) and by inclusion of 
as y metric substituents while retaining the chromophoric group planar as 
in ethene itself. An example of the first case is trans-cyclooctene (TCO) 
[4] while spectra of a- and /?-pinene [4] are examples of the second. Fur- 
thermore, the double bond twisting in ethenes is the simplest example of a 
so-caDed structure chiroptic relation. This means, that we want to gain an 
understanding of how the chirality (as e.g. measured by CD intensities) de- 
pends on the torsion angle of the double bond. Although several theoretical 
studies on ethene and dienes have adressed this question. [5, 6] experimen- 
tal data for alkenes have become only recently available by synthesis [7] 
and CD spectroscopy [8] of a cycloheptene derivative (TCH, see figure 1). 

Many organic molecules, especially natural compounds, contain oxygen 
atoms either doubly bonded to carbon as in ketones and aldehydes or singly 
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bonded as in ethers. These two bonding situations define chromophoric 
groups as well, and their Rydberg states will be investigated in the present 
paper. In the first group, the energeticaDy low-lying electronic state of the 
carbonyl group with a vaience-type n tt* electronic configuration has 
been extensively studied by CD measurements leading to the famous octant 
rule [9]. Less attention has been paid to the investigation of higher spectral 
regions (i.e. below 200 nm [6 eV]), however, in which mainly transitions to 
Rydberg states occur. In previous work, we have investigated the gas phase 
CD spectra of camphor derivatives by calculating the UV and CD spectra in 
comparison with measured spectra [10]. In this chapter we c online this work 
to explain the spectrum of 3-melhyl-cyclopenianone (MCP). This molecule 
is of particular interest because two energetically close-lying conformers 
(with an equatorial or axial-oriented methyl group) may contribute to the 
CD. 

In the second group we choose as a simple model for (configurationally 
stable) ethers lrans-1, 3 -dimethyl -oxirane (DM0) to show, how vibronic ef- 
fects can influence the results. This continues previous ah intio work on 
DM0 [11] which, however, has only considered vertical transitions from 
the ground state geometry. Hence our emphasis in this contribution is on 
the selected compounds shown in figure 1. 




DM0 MCP TCO 



TCH 



Figure L Structures ctf (he investigated molecules 



From a computational point of view, we are faced with the problem, that 
accurate configuration interaction (Cl) wavefunctions for excited states of 
molecules as large as e.g. TCO or TCH (more that 40 valence electrons) are 
diffcult to obtain even with todays powerful computers. This is of partic- 
ular importance for CD spectra, because the computed rotatory strengths 
are very sensitive to the wavefunction employed. Thus, we decided to apply 
a fairly new theoretical approach for the calculation of excitation ener- 
gies and transition moments, which is based on a combination of density 
functional theory (DFT, for a survey see e.g. [12]) and a random phase 
approximation (RPA) treatment (which is equivalent to time -dependent 




96 



Haitree-Fock [2, 13, 14, 15]). This method is very similar to the recently 
developed DFT/SCI approach for the description of the excited states of 
closed-shell molecules [16]. It represents a clear advantage over standard ab 
initio HF/SCI theory^ due to the implicit account of dynamical electron 
correlation effects. Fcr a wide range of molecules the errors for the exci- 
tation energies of Rydberg and valence excited states obtained with this 
method does not exceed 0.2 eV on the average. Furthermore, good results 
have been also obtained for the prediction of CD spectra [10, 16, 17, 18]. It is 
worth mentioning, that the computational effort of the DFT/SCI approach 
for the molecules investigated is much less than in any other theoretical 
method with similar accuracy (e.g. the CASSCF/CASPT2 approach [19]) 
so that a consistent description of the molecules in a good one-particle basis 
and by including aU valence electrons in the Cl is possible. The success of 
the method in calculating Rydberg spectra has been further demonstrated 
in applications to strained ethenes and alkyl-substituted sUanes [20, 21]. 

2. Theory 

2.1. THE DFT/SCI AND DFT/RPA METHODS 

At the beginning we want to give a brief review of the DFT/SCI method 
[16] and then present the extension to the RPA case. 

In the DFT/SCI method empirically modified Cl matrix elements for 
singly excited spin-adapted configuration state functions (CSF, a and 
h represent occupied r and s virtual MOs) are used. The diagonal element 
in the Cl matrix for a singlet state is given by 

- Cl Jo, + 2K„ + A(A-o„ e,,) (3) 

where are the Kohn-Sham (KS) orbital energies from the DFT 
treatment of the closed-shell ground state, ci is a scaling factor (depending 
only on the actual exchange-correlation functional used in DFT), J and K 
are coulomb and exchange integrals over the KS-MO basis and A(if, e) = 
C 4 C + C 2 exp{—C 3 i<’^) is an empirical shift function. In order to retain the 
ground state KS density, all Fock matrix coupling elements are neglected 
(implicit Brillouins theorem). 

The SCI off-diagonal elements are treated in analogy to eq. 3, i.e. the 
coulomb term is scaled and the exchange term is kept exactly as in the 
HF/SCI method ((o6|r5) are two- electron integrals over the KS-MO basis 
in Mullikens notation). 

‘ Configuration interaction including aU singly excited configurations with respect to 
the Harlree-Fock reference determinant (which is closed-shell for all molecules studied 
here). 
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{3-;|F|$^) = -ci(a6M + 2(arM (4) 

Previous applications and the examples presented in this work for (he 
first time show that the DFT/SCI approach efficiently accounts for higher 
excitation classes (double, triple and higher excitations) and includes the 
most important dynamical electron correlation effects. An advantage of 
this approach over standard semiempiric al methods (e.g. CNDO/S) is (hat 
(i) flexible Gaussian AO basis sets can be employed, i.e. also states with 
diffuse character or pure Rydberg states can be investigated and (ii) all 
relevant physical interactions (e.g. exchange terms) are accounted for by 
the effective DFT potential. 

A further improvement (especially in the field of CD) can be obtained 
by extension of (his formalism to the random phase approximation (RPA) 
which satifies (in a complete basis) not only certain sum rules but gives 
also better values for the transition moments than the SCI method. In 
particular, the RPA approach allows to use the dipole velocity form for 
the computation of the dipole transition integrals^ in eq. 1, so that ^ is 
(contrary to the length form) independent on the choice of the coordinate 
origin. The RPA equations read in matrix notation 

where (4; is the excitation frequency, X and Y are the solution vectors 
of the single hole-particle amplitudes, the A matrix contains all elements 
of the DFT/SCI matrix (eq. 3-4) and the elements of B are given by 

'B{a r, 6 5) = 2(ar|63) - (a5|6r) (6) 

First test calculations on various simple alkene derivates have shown 
that more reliable results for Rydberg- valence mixings are obtained if the 
portion of the 'exact’ exchange term in the DFT exchange-correlation po- 
tential in increased. Thus, the results reported here for TCO and TCH 
refer to Beckes 'half-and-half hybrid exchange correlation functional (BH- 
LYP) [22]. With BHLYP, the optimal empirical parameter ci in eq. 3 and 
4 was determined to be 0.55 (as compared to 0.30 with the B3LYP[23, 24] 
functional). Furthermore, inclusion of the shift function in eq. 3 was not 
necessary any more. All other computations were performed with B3LYP, 
which gives a slightly better overall performance for a wide range of chro- 
mophores. 

^Velocity form: =< ❖olVI^/ >. Length form: =< >, 
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Finally, we want to mention here (hat (he DFT/RPA ansatz, although 
empirical in nature, has a genuine theoretical foundation because it repre- 
sents an approximate version of time-dependent density functional theory 
(see for example [25, 26]). 

2.2. OUTUNE OF THE CALCULATIONS 

All DFT/RPA calculations have been performed at optimized ground state 
geometries. If not stated otherwise all computed excitation energies repre- 
sent vertical transitions, i.e. an approximation to the experimental tran- 
sition energy at the band maximum. All DPT, HF-SCF and MP2 cal- 
culations have been performed with the TURBOMOLE suite of programs 
[28, 29]. In the DFT/RPA treatments AO-basis sets of valence double- 
C ([3s2p]/[2s], VDZ) [30] or of triple-^ ([5s3p/[3s], TZ) [30] quality with 
polarisation functions have been employed. The actual basis set used is 
described in detail in the sections treating the individual molecules. 

In the RPA approach all singlet single hole-panicle functions resulting 
from the distribution of all valence electrons in all virtual MOs were in- 
cluded. The inclusion of all valence electrons in the theoretical treatments 
is essential for a reliable description of the CD in large species of low- 
symmetry, especiaDy when an inherently achiral chromophore is slightly 
perturbed by a large ’molecular rest'. The transition moments were calcu- 
lated in the dipole velocity form which are, however, very similar to those 
of the length form when the RPA ansatz and reasonabaly large AO basis 
sets are employed. 

The theoretical simulations of the CD spectra are obtained by summing 
Gaussian curves with a constant half- widths ofO.4-0.5 eV for each electronic 
transition. 

3. Results and discussion 

3.1. GENERAL REMARKS ON RYDBERG STATES IN LARGE 
MOLECULES 

At first sight any classification of molecular excited states in terms of atomic 
states as defined by principal, angular and magnetic quantum numbers 
is surprising. The lower symmetry of the external potential in molecules 
compared to atoms would speak against such characterization. However, 
from the earhest quantitative theoretical investigations on low-lying excited 
states in small molecules [3 1, 32] such states, which show close resemblance 

^HF-SCF: ab iniiio Hartiec-Fock self consistent field calculations. MP2 means a per- 
turbative ab initio treament for electron correlation of the ground state to second order. 
For an overview see e.g. [27] 
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to atomic (united atom or Rydberg) states, are well known. Their occurence 
can be explained by the fact that an electron far away from (he nuclei 
experiences a nearly sperical (point charge) potential from the remaining 
cation. 

This simple consideration, however, shows clearly that the distinction 
between valence (similar electronic spatial extension as the ground state) 
and Rydberg states (much larger electronic spatial extension than the 
ground state) breaks down if the molecules becomes larger. From several 
studies carried out in the past [10, 20, 21] it became obvious, that in systems 
with more than 5-10 non-hydrogen atoms mixed valence -Rydberg states are 
frequent. For example in a recent study of silanes (up to C 9 Si 4 H 2 ^ [21] all 
low-lying states are fairly extedend in space (as e.g. measured by A < >, 

the difference of the < > expectation values between excited states and 

the ground state). This is due to the fact, that the energy of valence states 
decreases more rapidly with increasing size of the molecule than that of 
Rydberg states so that there are regions with close-lying states of Rydberg 
and valence character which may then strongly mix with each other. 

In order to illustrate this point in more detail, we have investigated the 
dependence of Rydberg state properties in simple model systems. We have 
chosen the symmetrically substituted series of ketones 2-propanone (ace- 
tone), 3-pentanone, 4-heptanone, 5-nonanone and 6-undecanone (all with 
C 2 v symmetry). In these compounds a significant valenc e-Rydberg mixing 
does not occur for the low-energy states so that we can investigate the in- 
fluence of the size of the molecular frame on the lone-pair 3s, 3/? states. 

Because the size of theses systems increases anisotropically, i.e. mainly along 
the y-axes (see figure 2), the influence of the molecular size on the Rydberg 
stales should increase in the order 3py > 3s > 3p2,3pf. 

The DFT-BHLYP/RPA calculations were performed with semiempiri- 
cally (PM3)[33, 34] optimized ground state geometries and a [3s2pld]/[2s] 
valence basis set augmented with an uncontracted set of four s- and four 
p-functions (a^p ^ 0.05,0.02,0.01,0.003) centered at the carbon atom of 
the carbonyl group. 

The results for the A < > values and excitation energies are shown 

in figure 2 and 4. It is obvious that the 'size' of the rt 3s, n 3px 
n 3pz Rydberg states, as measured by the A < > values, remains 

more or less the same in the series from acetone to undecanone with a 
chain of 11 carbon atoms. The spatial extension of the n 3p^ state, on 
the other hand, increases with the length of the molecular frame, at least 
up to the chain with 9 carbon atoms. 

An illustration of the change of the 3pp and 3p^ orbitals with the length 
of the carbon chain is shown in figure 3. The 3pg orbital retains its character 
from acetone to undecanone to a large extent; the chain of carbon nuclei 
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Figure 2 . E)ependency of the A < > values for the lowest-lying n — ^ 3a, 3p Rydberg 

states in the series of ketones. 



is located in the nodal plane of this Rydberg function. The slightly higher 
orbital amplitude near the oxygen atom is a result of the higher positive 
partial charge near the oxygen atom in the remaining cation. In contrast, 
the 3py function, whose atom-like properties are well recognized in acetone 
(again, the lobes are slightly polarized towards the location of the oxygen 
atom), is heavily deformed in undecanone (the orbital lobes are cut into 
parts by the chain). This is because the 'Rydberg electron’ must avoid 
the molecular core because of the electron-electron interactions and orbital 
orthogonality constrains. 

The deviations of the 3py orbital from its pure Rydberg character in the 
series of molecules considered is also seen by a comparison of the excitation 
energies (see figure 4). 

While the n 3px and n 3pj states have fairly constant term values 
throughout (approximated in the present considerations by the difference 
between the excited state energy and the orbital energy of the lone-pair 
orbital as a measure of the lowest ionization potential^), the n — ► 3py energy 
remains approximately the same, so that the term value clearly decreases 
with increasing length of the carbon chain. To a certain extent the n -> 

"*Note that this energy is shifted downward in the illustrations. 
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Figure B. Contour plots in the yz-plane of the 3py (left) and (right) Rydberg natural 
orbitals of the n 3p states in acetone (top) and undecanone (bottom). The molecules 
are centered around the origin and the scale extends from = - 20 to +20 oo. 



state shows a similar behaviour as the n -+ 3py state, and it is well-known 
[35] that the 3.9 stales as the lowest member of a Rydberg series is quite 
often perturbed by the valence-charge distribution. 

It is also interesting that the transition probabilities reflect to some 
extent the deviation from the pure Rydberg character. In acetone the os- 
cillator strength (/) for both, the n ^ 3py and n — ^ transitions are 
equal (/ = 0.0023; n -+ 3pi is not allow^ by the dipole-selection rules). 
The /-value for the n 3p^ transition increases somewhat in the series 
of molecules to / s: 0.0075 in undecanone. In contrast it decreases for the 
n -> 3pj, transition to / = 0.0042 in undecanone indicating the more diffuse 
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number of C atoms 



Figure 4. Dependence of the excitation energies for the lowest-lying n 3a, i;? Rydberg 

states in the series of ketones. Fca comparison, the evolution of the shifted orbital enei^y 
of the lone-pair MO is shown. 



charge distribution of the upper orbital. The evolution of the /-value of the 
n — ► 33 transition is more irregular and depends on the zig-zag arrange- 
ment of the carbon nuclei in the chain (a value of / = 0.0082 close to that 
of the n 3pz state is reached for undecanone). 



3.2. (S,S)-TRANS-2,3-DIMETHYLOXIRANE (DM0) 



According to previous MRD-CI calculations on DM0 [11], the lowest sin- 
glet states result from an excitation out of the non-bonding n{px) orbital 
centered mainly on oxygen to 3.v, 3/? and 3tf Rydberg orbitals. However, 
a special feature of the three -membered ring is that there is a relatively 
close-lying a MO of a symmetry, which is strongly bonding between C2 
and C3 and slightly anti -bonding for the CO bonds. Experimentally, the 
ionization limit to the state is about 10 eV while it is between 10.2 and 
11.5 eV (maximum at 10.7 eV) for the state [36]. The energetic differ- 
ence between the 0-0 transitions for these two ionic states is thus certainly 
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Figure 5. Opliinized structure (Ca) of (S,S)-DMO (DFT-BSLYPA'DZ+d) with bond 
lengths given in A. 



below 1.0 eV, but a more detaOed analysis is complicated by the strong 
geometric relaxations expected for the stale (i.e. elongation of the 
C2-C3 bond). Because aD states related to an excitation out of the a(ll«) 
MO have a larger amount of dynamical correlation energy than those cor- 
responding to excitations out of the n(9h) MO [11], our previous MRD-Cl 
results were not conclusive in the contribution of a Rydberg states to 
the CD spectrum. This may be of particluar importance because we found 
theoretically a transition at 7.4 eV (n ^Pxy^) ^ large negative R 
value {— I0.8xI0‘'^^cgs) where experimentally only a small negative signal 
with — 0.1xl0“^^cgs was observed. 

The results of our new DFT-B3LYP/RPA calculations employing the 
optimized DFT-B3LYP([3s2pld]/[2s]) ground state geometry are given in 
table 1 in comparison with previous MRD-CI data and are graphically 
shown in figure 6 together with the experimental spectrum [37]. In the 
DFT/RPA calculations we employed a [5s3pldJ AO basis set for the three 
ring atoms and a [3s2pld]/[2slp] set for the other atoms. This valence 
basis was augmented with two sets of diffuse d functions (oti = 0.04, 
Q 2 = 0.01) placed on the oxygen atom. 

Fot the n 3s, 3p states, DFT/RPA and MRD-Cl data are in close 
agreement. In the latter a shght blue -shift of the excitation energies of about 
0.25 eV in comparison with experiment or DFT/RPA is found. Further- 
more, the ordering of the 3p components is different in the two approaches 
and with DFT/RPA we obtain slightly larger R values. However, in the 



^The 3p, and 3py orbitals in DM0 are strongly mixed and the two components will 
be denoted as . 



m 




AE/eV 



Figure 6. Comparison of theoretical (DFT-B3LYP/RPA) and experimental CD spectra 
of (S,S)-DMO. The solid lines indicate the positions of the calculated states. The sim- 
ulations have been performed by summing rotatory strength weighted Gaussian curves 
with a constant half- widths of 0.4 eV. The bold curve corresponds to a simulation with 
a band width of 0.8 eV for the tr 3a, states (labeld with a star). 



most important aspect, the results agree; the second n Zpxy state has a 
large negative R value not found experimentally. 

On the other hand we find very different results for the Rydberg series 
originating from the excitation out of (he <7 MO; (he DFT/RPA excitation 
energies are lower by about 1.5 eV and the absolute R values are larger 
by about one order of magnitude. The lower <r —^Ryd excitation energies 
in the DFT/RPA treatment (i.e. E{c — > 3^) — B{n — ► 3s) = 0.6 eV) seem 
to be in line with the small experimental difference between the and 
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TABLE 1. Comparison of experimwif aJ suid theoreticaJ restilbs for vertical excited singlet 
states of (S,S)-DMO. 
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® B.ef. (U] ^ n.ef. [37] ^ Difference of excited slate and ground state < r* > expectation 
values. The < r* > value of the ground state is 71,2 oj. ' Given in 10“^° cgs units, ** 
Sum of all 3d componerrts. 



states (about 0.7 eV). However, if we now try to simulate the entire 
spectrum by summing up Gaussian curves with a constant half-width of 0.4 
eV for each transition, we obtain an even poorer agreement with experiment 
(c.f. the light-dashed curve in figure 6) than before. The intensity of band 
C is (due to the additional a 3s state) too large and the intensity in the 
region of band D is too negative. However, the assumption of an equal band 
width seems not very realistic because the transitions to the cr —►Rydberg 
slates should have a stronger non- vertical nature (sec below). An additional 
simulation with a -fRydberg state band- widths of 0.8 eV (c.f the bold 
dashed curve in figure 6), which takes this effect into account, gives a much 
better representation of the experimental spectrum. This result indicates 
that the nuclear arrangement (intensity distribution over vibrational bands) 
plays an important role in this spectrum. 

A closer look at the excited state potential surfaces shows, that the 
situation in DM0 is even more complicated. We have investigated the ex- 
cited state potential curves along the ground state normal mode for the 
C2-C3 stretching vibration (i/(lM) = 1537 DFT-B3LYPA^DZd). 
The results are shown in figure 7. 

As expected, the minima for the ground and the n — ► 3s stales are very 
close to each other (1.48 and 1.49 A, respectively) because the n(9^) MO is 
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r(C2-C3) / Ang, 



Figure 7. Calculated potential curves (DFT-B3LYP/RPA) for several low-lying stales 
of DM0 along the C2-C3 stretching mode. 



essentially non-bonding in character. This is also true for the two n — ► ^Pxy 
states but in the Frank-Condon region there are avoided crossings with the 
a 3s state. Due to the C2-C3 bonding character of the crMO, the energy 
for this state decreases much stronger along the coordinate and a second 
minimum at larger C2-C3 bond distances (1.55 A) is found. Thus, near 
the Frank-Condon region, the 2A state character and transition moments 
change completely (for r(C2 — C3) < 1.5 A>^ is negative while for r(C2 — 
C3) > 1.5 A it is positive). Tliis may be the reason for the low intensity 
of the band B in the experimental spectrum, because a cancellation of the 
n -4 3pxy and (7-^3$ contributions occurs. As the situation in this region 
even in this one-dimensional picture is very complicated and the avoided 
crossings are very 'sharp' we have not tried to quantify the effect of this 
stale mixing by e.g. a calculation of the vibrational wavefunctions including 
the dependency of R along the coordinate. This would require a very large 
effort computationally (and possibly the inclusion of vibronic coupling) in 
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order to obtain more than semi-quantitative answers. We believe, however, 
that our qualitative explanation gives a realistic picture of the situation in 
DM0. 

3.3. (S)-3-METHYLCYCLOPENTANONE (MCP) 




C2-C3«C4-C5»38,0 degrees 





Figure S. Comparison of theoretical (DFT-B3LYP/VDZP) bond lengths (in A) for 
equatorial and axial confomeis of (S)-MCP. 



The UV and CD spectra of MCP in the gas phase have been recorded 
by Johnson [38, 39], Feinleib and Bovey [40] and Schnepp et al. [41]. The 
UV spectrum below 200 nm shows no special features compared to other 
simple ketones, i.e. three bands al 6. 3 -6.6 eV (n 33),6.9-7.2eV (n 3p) 
and 7. 4-7 .7 eV (n ^ 3d) with an intensity ratio of about 2:1:3. In the 
CD, however, only two strong bands with opposite sign, which have been 
assigned by Robin [39] as n 35 and n -4 3d, respectively, are observed 
for (-)-(S)-MCP. In the region of the n 3p states, however, only a very 
weak signal with alternating sign was found. 
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In one respect the MCP molecule is different from the other substances 
investigated because two energeticaDy close-lying conformers (with an equa- 
torial (eq) or axial (ax) oriented methyl group) of one enantiomer may be 
present under (he experimental conditions. The energy differences between 
ax-MCP and eq-MCP are 1.3, 12 and 0.8 kcal/mol at HF-SCF, DFT and 
MP2 theoretical levels. This means that the equilibrium mixture at room 
temperature contains between 10 and 20 % of the less stable ax-MCP. This 
is of particular importance because the CD spectra of the two conformers 
are expected to be nearly mirror images; if the methyl group is absent we 
must consider the parent cyclopentanone, which is helical-chiral due to the 
twist in the five-membered ring (dihedral angle C2-C3-C4-C5, see figure 8). 
The methyl group in MCP destroys this mirror-image symmetry to a smaD 
extend and it will be interesting how this influences the CD spectra. 

The DFT-BHLYP/RPA calculations were performed with MP2A^DZd 
optimized ground stale geometries and a [3s2pld]/[2sl] valence basis set 
augmented with two sets of two p and d functions oi =0.04,02 =0.01) 
centered at the carbon atom of the carbonyl group. The results are displayed 
in figure 9 and given numerically in table 2. 

First we want to discuss the data of eq-MCP. The simulated spectrum 
shows two intense bands with opposite sign at 6.3 (B) and 7.5 eV (D) which 
are attributed to the experimental peaks at similar positions and assigned 
as n — ► 3s and n 3d transitions. In the region between 6.7 and 6.9 eV 
a less intense band (C) with negative sign is calculated (n -¥ 3p) where 
experimentally small intensity with varying sign is observed. The lowest 
valence states (beside n — f ff*, not discussed here) with a ^ n* character 
are found above 7.8 eV. In general, we find for ax-MCP excited states with 
similar character and smaD energetic shifts (below 0.1 eV) with respect to 
eq-MCP. However, the mirror- image symmetry between the two conformers 
mentioned above is realized solely for the n tt* and n 3p transitions: 
the R value for the n ^ 3^ state in ax-MCP is very small compared to 
eq-MCP and the band D has the same CD sign but much more intensity. 
This results from a mixing of n — ► 3d and a n* states in ax-MCP. 

Considering these results we can rationalize the experimental spectrum 
at least semi-quantitatively. The valence-Rydberg mixings are generally 
overs timated when vibrational effects are neglected so that the band D may 
become much smaller in an adequate treatment of eq-MCP. If we assume 
an equilibrium mixture with a portion of 20% ax-MCP (MP2 value) we 
would obtain a negligible reduction of the n -v Z$ intensity and possibly a 
slight increase of the band D intensity. In the region of band C, however, 
this would result in an decrease of the signal and a much better agreement 
with experiment. This is because the R values of the n — ► 3p transitions in 
ax-MCP are larger and of different sign than in eq-MCP. Our calculated 
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Figure 9. Comparison of theoretical (DFT-B3LYP/RPA) and experimental CD spectra 
of (S)-MCP. The solid lines and filled dots indicate the positions of the calculated states 
for eq-MCP. TTie lowest n -► tt* band calculated at 4.28 eV with a negative CD is not 
shown. 



Spectra for both conformers are compatible with a ax-MCP portion of up 
to 30% which then would give a very smaU band C in the simulation. In 
summary, we conclude that with the help of accurate theoretical CD data, 
comformational problems in stereochemistry can be resolved. 

3.4. TRANS-CYCLOOCTENE (TCO) 

The TCO molecule or fragments thereof have been studied in several the- 
oretical papers during the last 30 years [5, 42, 43, 44]. Although the main 
features of the experimental CD spectrum have been assigned, a real good 
agreement between theory and experiment has not been achieved for the 
entire excitation energy range. The experimental CD spectrum shows two 
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TABLE 2. Theoretical (DFT-B3LYP/RPA) results for vertical excited singlet states of 
eq>(S)'MCP. The correspooding values for the axial conformer are given in parentheses. 









theory 




st&te 


assignment 


AE 

eV 


/ 


R 

10“^® ops 


<r^ > * 


2A 


n — ► tr" 


4.28 (4.26) 


band A 

0.00015 (0.0001) 


-10.6 (8.4) 


2-5 (2.9) 


3A 


n — ♦ 3s 


6.31 (6.27) 


band B 

0.0175 (0-0120) 


8.4 (-0.7) 


82.8 (85.3) 


4A 


n 3px 


6.78 (6.79) 


band C 

0.0005 (0.0312) 


-0.4 (1.9) 


96.6 (97.1) 


5A 


n 3pv 


6.87 (6.92) 


0.0024 (0.0024) 


-0.5 (-0.9) 


118.6 (117.6) 


6A 


n — ♦ 3p* 


6.95 (6-96) 


0.0115 (0.0099) 


-2 .2 (4.1) 


ni .6 (114.4) 


6A 


n — ► 


7,52 (7.55) 


band D 

0.0104 (0.0064) 


-4.5 (-5-4) 


121.2 (125.8) 


7A 


n Sday 


7.55 (7.51) 


0.0074 (0.0042) 


0.4 (0.6) 


135.2 (124.5) 


8A 


n ^ * 


7.58 (7.58) 


0.0140 (0.0086) 


-1.8 (2.0) 


130.7 (88.8) 


OA 


fi ^ 3d, 3 


7.62 (7.63) 


0.0002 (0.0070) 


0.7 (-0.7) 


128.1 (129.6) 


lOA 


n -f 3d», 


7.66 (7.64) 


0.0001 (0.0033) 


0.2 (0.0) 


135.4 (135.6) 


ilA 


<T — > ff" 


7.80 (7,80) 


band D/E 
0 0147 (0.0033) 


0.8 (l.l) 


-19 6 (-29.4) 


12A 


<7 ff" 


7-86 (7,91) 


0.0107 (0.0092) 


•1.4 (-8.4) 


-33.9 (-34.9) 


13A 


<r -♦ * 


8-08 (7.53) 


0 0280 (0.0237) 


16.5 (-16 7) 


-17.6 (32.8) 



“ Difference of excited state and ground state < > expectation values. The < > 

value of the ground state is 91.3 (91.3) Oq. ^ For the axial conformer this state is mixed 
with a ^ state. ^ For the axial conformer this state is mixed with the n -f 
state. 



main bands with opposite sign with maxima at 6.3 and 7.8 eV assigned as 
7T -?• 7T* and (j — » IT* transitions, respectively. On the red side of the tt -4 ir* 
band a shoulder with a positive CD sign is seen. On the blue side of the 
band a weak positive band is observed which has not been assigned 

yet. 

From previous theoretical work we mention here only studies which have 
investigated the whole molecule because fragment approaches (e.g. the Cl 
work of Liskow and Segal [42]) suffer from exclusion of important contribu- 
tions of the ring to the CD. The ah initio RPA study of Hansen and Bouman 
[43] give excitation energies too high by 0.5- 1.5 eV, too low intensity (by a 
factor of two) for the intense tt ^ ;r* transition, too high Rydberg state in- 
tensites (by a factor of two) and an intense negative transition at the short 
wavelength side of the ;r x’ band which has been found with positive sign 
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Figure 10. Comparison of experimental and theoretical (HF/VDZ, written in italics) 
bond lengths (in Ang.) for TCO (the (R)-enanliomer is shown). The dihedral angle 
C8-C1-C2-C3 describing the torsion about double bond is calculated to be 137.2 degrees 
(exp.: 138 degrees). 



experimentally (the CD signs refer to the (+)-(S)^natiomer). The recent 
RPA work of Bak el al. [44] show similar shortcomings (although performed 
with a larger basis set) but did not find the intense negative a — ► ir* band 
at 7.8 eV at all. 

The geometry of TCO as obtained from complete optimizations at the 
HF-SCF/VDZ level is shown in figure 10. Most important for the chirality 
of the compound is the dihedral angle C8-C1-C2-C3, which is found to 
be 137.2 degrees which ccmesponds very well with the experimental value 
of 137.7 degrees obtained from the x-ray data of the 3-dinitro derivative 
[45]. From our TCO geometry we deduce double bond pyramidalization 
and twisting angles of 18.2 and 21.4 degrees, respectively. This shows, that 
models which consider only the twisting component are not appropriate for 
TCO. 

In our DFT-BHLYP/RPA calculations with the HF-SCFA^DZ ground 
state geometry, a [5s3pld] AO basis for the two atoms of the double bond 
and a [3s2pld]/[2slp] basis for all other atoms has been employed. Addi- 
tionally, two sets of s, p and d functions (at = 0.04, ck 2 0.01) were placed 
in the center of charge of the state (i.e. in the middle of the double 
bond but slightly moved inside the ring). 

In general the DFT/RPA based assignment for the electronic states 
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AE/eV 



Figure 11. Comparison of theoretical (DFT-BHLYP/RPA) and experimental CD spec- 
tra of (S)-TCO. The solid lines indicate the positions of the calculated states. 



responsible for the main CD bands agrees with those from previous theo- 
retical analysis. However, a much better absolute agreement between theory 
and experiment for the excitation ena^es and rotatory strengths has been 
obtained (see figure 11). In particular, the sum oiR values (see table 3) for 
the — y 7T* and second ► 3p states (80xl0"^^cgs) are in good agree- 

ment with the experimental value for band B (92 x 10”^®cgs).A quantitative 
agreement is also found for the intense > r* band (-95 vs. -88xl0”^^cgs). 
Furthermore, we find an intense positive transition at 7.15 eV, which ex- 
plains the experimentally observed shoulder in this region. This transition 
is assigned as x — ^ Zdyg but contains also significant contributions from 
the X X* state which explains the relatively large positive R value of 
36xl0“^^cg8 (table 3). Inspection of the spectra shows, however, that the 
degree of Rydberg valence mixing is slightly overestimated in our approach 
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TABLE 3- Comi>aiison of theoretical (DFT-BHLYP/RPA) and experimental re- 
sults for vertical excited sinflet states of (S)*TCO. 











theory 






exp. ^ 


state 


assignment 




/ 


R 


<r^>^ 




R 






eV 




iO'^^cgs 


al 


eV 


10-^^cps 








band A 








IB 




5.95 


0-0127 


7.3 


49.7 


6.0 




2A 


T — » 3s 


5.98 


0.0225 


9.5 


73.2 












band B 








7E 


IT -* py 


6.32 


0.0803 


47.9 


82.4 






3B 


ff — > ir" 


6.52 


0-0897 


32-3 


37-1 


6.3 


92 


3A 




6.54 


0.00003 


•0.1 


97.9 












band C 








4A 


n diy 


6.91 


0.0028 


•6.6 


107-9 






6A 


#r — » d ,2 


6.96 


0.0002 


1.4 


120.1 






4B 


ir dtg 


7.00 


0.0036 


3.6 


120.7 






6A 


fr —4 


7.01 


0.0188 


5.2 


134.1 






5B 


7T ^ dyt ^ 


7.15 


0.0186 


36.0 


115.0 


7.0 










band D 








6B 


a ^ IT* 


7.70 


0.0788 


-95.3 


12.5 


7.8 


-88 


7A 


^ 3s 


7.78 


0.0094 


9-9 


124.9 







^ Ref. [4l ^ Difference of excited state and ground state < > expectation values. 

The < > v^ue of the pound states is 117,2 oo* ^ Positive CD sign not analyzed 

quantitatively. ^ With contributions from ir ff". 



but that it is much better described than with the earlier HF/RPA method 
[43] (where a transition with a negative sign was observed). The tt — ^ tt* 
band of TCO is a good example how Rydberg- valence mixing can influence 
the results. In calculations without diffuse basis functions, we find only 
slightly higher excitation energies for the -4 tt* (6.54 vs. 6.52 eV) and 
<T x" (7.76 vs. 7.70 eV) states. The rotatory strengths, however, increase 
to -lOTxlO'^^cgs and 112x10“ ^^cgs, respectively, without accounting for 
the Rydberg- valence mixings. For the x ft" state this is more than a 
factor of two compared to the adequate calculation. 

3.5. TRANS-l,2,3,3,6,6-HEXAMETHYL-l-SILA-4-CYCLOHEPTENE (TCH) 

TCH is the smallest stable cycloalkene known [7]. The investigation of its 
CD spectrum [8] is of particular importance for the question, how the larger 
twisting of the double bond (due to the smaDer ring) compared to TCO 
affects the chiroptical properties. Theoretical help in the interpretation of 
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Figure 12. Comparison of experimental and theoretical (HF/VDZd(Si), written in ital- 
ics) bond lengths (in A) for (S)-TCH. The hydrogens have been omitted. The dihedral 
angle C3-C4-C5-C6 describing the torsion around the double bond is calculated to be 
130.5 degrees (exp.: 131 degrees). 



the experimental results is essential for this compound because it is a priori 
not known how the incorporated silicon atom influences the ethene chro- 
mophore or what contributions the Si-C chromophoric groups may have. 

A comparison of theoretical and experimental bond lengths and a plot 
of the optimized structure of TCH is given in figure 12. The agreement 
between theory and experiment [7] is quite good, i.e. the largest deviations 
occur for the Si-C bond distances which are about 0.025 A to long. A very 
important structural parameter for the chirality of the compound is the 
torsion around the double bond as e.g. measured by the dihedral angle C3- 
C4-C5-C6. The agreement between theory and experiment (130.5 vs. 131 
degrees) is quite perfect. The value for this angle should be compared with 
that found for TCO (HFA^DZ; 1372 degrees) showing the larger strain 
in the seven-membered ring. However, the difference of about 7 degrees 
is smaller than expected bcause of the strain-releasing effect of the longer 
Si-C bonds and it was not clear, if it is large enough to be detected by CD 
measurements. 

The results of the calculations for the CD spectrum are given in table 4 
and a simulation for the (S)-enantiomer in comparison with experimental 
gas phase data is displayed in figure 13. The AO basis set employed was the 
same as for TCO except that the polarization functions on the hydrogen 
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Figure 13. Comparison of theoretical (DFT-BHLYP/RPA) and experimental CD spec- 
tra of (S)-TCH. Die solid lines indicate the positions of the calculated states. The ex- 
perimental intensities have been scaled by a factor of 0.5 (sec text). 



atoms of the methyl group have been omitted and that for sUicon a [4s3pld] 
AO basis was used. 

First of all we notice that the positions and relative intensities for all 
bands in the experimental spectrum, i.e. the intense positive band A at 5.7 
eV, the shoulder between 6 and 6.5 eV (B) and the two negative features 
at 6.9 and 7.6 eV (C and D) are nicely reproduced by the calculation. 
Thus we can assign the absolute configuration by comparison of theory and 
experiment as (+)-{S). This is the same correlation between optical activity 
and absolute configuration as in TCO. 

According to the data given in table 4, the lowest excited singlet state 
is of X 7t* character, however mixed with tt -+ 3^ and x ^ 3p Rydberg 
components. Compared to the corresponding stale in TCO, the R value 
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TABLE 4. Comparison of theoretical (DFT-BHLYP/RPA) and experimental results for 
vertical excited singlet stales of (S)-TCH. 









theory 






exp. 


state 


assignment^ 


AE 


/ 


R 


<r*^ > ^ 


AB 


Ae 






eV 


10"*' ejs 


00 


eV 










baud 


A 








2A 


ir ^ 


5-90 


0.0734 


70.7 


37.8 


5-7 


139 


3A 


-T -4 3« 


6.00 ** 


0.0662 


38.9 


59.8 












band 


B 








4A 




6-33 


0.0174 


19.1 


76.1 






5A 


ir —i Zp 


6-52 


0.0033 


0.5 


118.3 


6.0-6.5 




6A 




6.54 


0.0065 


4.9 


113.1 












bfUid 


C 








7A 




6.89 


0.0099 


-2.6 


127.5 






8A 




6.95 


0.0121 


-6.2 


144.3 






9A 


n -i Zd 


6.98 


O.U004 


0.3 


156.5 


6.9 


-64 


lOA 




7.00 


0.0069 


-8.1 


154.6 






llA 




7-04 


0.0024 


-10.4 


132.1 






12A 


-Mr* 


7-13 


0.0198 


-23.5 


39.0 












band 


D 








13A 


a(Si — C) n* 


7.41 


0.0087 


-7.6 


10.0 






14A 


n Hyd ' 


7.42 


o.ono 


-19.3 


100.5 


7.6 


-49 


15A 


<7(5i - C) 3s 


7.44 


0.0571 


17.0 


71.1 






16A 


^{Si - (7) — ^ 3s 


7.46 


0.0469 


7.4 


65.7 






17A 


<7{Si 


7.65 


0.0153 


-16.8 


6.4 







** Ref. ^ Due to the low symmetry of TCH there is a strong state mixing within the 
3p and 3d manifolds and therefore a detailed assignment can not be given. ^ Difference 
excited state and ground state < > expectation values. The < r* > value of the 

ground state is 209.9 al. ^ The ff -Mr* and ir -f 3s states of this band are mixed with 
each other and there are also some contributions from ff — » 3p. ^ The upper Rydberg 
orbital could not be assigned. 



is nearly doubled and (he excitation energy is red-shifted by 0.6 eV. As 
in TCO, the tt is and ir 3p stales (the latter forming Ihe shoulder 
B) have positive rotatory strengths. Next follows the negative band C, 
which is made from tt 3d Rydberg states and the valence shell cr it* 
excitation. The latter state gives the main contribution to the second strong 
negative band in the CD spectrum of TCO while in TCH the tt 3d and 
<T ^ 7T* are of comparable intensity (the values of the tt Sd transitions 
in TCO are very small). The positive band D, which is not found for TCO, 
is indicative of the silicon atom in the molecule. Tlie relatively high-lying 
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a(Si-C) orbitals generate additional valence and Rydberg states. 

In summary we conclude that the higher strain in TCH compared to 
TCO induces a larger torsion angle around the double bond which increases 
the Cotton effect of the valence tt ir* state and decreases the intensity of 
the valence a tt* excitation (by a factor of about 4). However, these two 
valence states are lowered in energy so that the a* tt* state becomes the 
lowest excited state and the a tt* state is only slightly above the n ^ 3d 
manifold. 

Finally we want to comment on the absolute CD intensities. In the cal- 
culations, we obtain a consistent picture, i.e. the positive maximum at 5.7 
eV in the spectrum of TCH has aAcof63 The corresponding 

value for TCO is between 35 and 45 (both, theory and experiment). How- 
ever, the intensity of the first band in the experimental spectra of TCH in 
solution [8] and in the gas phase (see figure 13) differ by a factor of about 
four (30 vs. 139 cm~'). Presently, we have no explanation for this dis- 

crepancy but we notice, however, that the theoretical result is relatively 
close to the average of the two experimental values. This is a good example 
for a situation in which conclusions drawn from experiment alone, i.e. that 
the 7T ^ CD intensity for the more twisted structure is the same or 
even lower than for the less strained system, are totally different from the 
theoretical result and obviously misleading and not correct. 

4. Conclusions 

In the present article we have investigated the electronic circular dichro- 
ism spectra of various molecules containing up to 13 non-hydrogen atoms. 
The combination of density functional theory and the random phase ap- 
proximation (DFT/RPA) gives good results for the excitation energies and 
transition moments of valence states, Rydberg states and mixed valence- 
Rydberg states. Our results show clearly that the assignment, which has 
been used for several decades and resorted only to valence transitions of 
n— ► 7T*, TT— ^ ^r*, tt* and a -v a* character is not correct. Although 
some of these states are present in the investigated molecules we found 
that Rydbgerg transitions play an important role in the considered energy 
range below 9 eV. This is supported by the dominant bands in the spectra 
of dimethyloxirane and methylcyclopentanone, in drastic intensity changes 
caused by valence-Rydberg mixings as in the cycloalkenes or by close-lying 
states of opposite rotatory strengths which are not resolved in the experi- 
mental spectra. A model study to investigate how the character of Rydberg 
states changes with the size of the molecule shows that Rydberg states are 
not only present in small molecules but retain their principal character also 
in larger systems. The modification, however, is that the degeneracy of the 
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Rydberg components may be strongly lifted due to the anisotropy of the 
electronic potential. 

From many experimental studies we know that Rydberg states can be 
strongly shifted in energy if the molecules are investigated in solution. Al- 
though this might surpress to some extent the importance of Rydberg states 
in larger molecules (most measurements of larger molecules are performed 
in solution), we think that a complete understanding of the spectra in higher 
energy regions requires the consideration of Rydberg states. 

Finally we want to mention that the combination of experimental and 
theoretical circular dichroism spectroscopy provides not only a basis for de- 
tailed structure-chiroptic relationships but furthermore leads in most cases 
to a more detailed assignment of the electronic states involved. This is of 
particular importance in larger molecules where the high density of states 
results in strongly overlapping bands which are difficult to resolve in ordi- 
nary UV spectra. 
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1. Introduction 

The Zeeman effect and its subsequent variations, the anomalous Zeeman and 
Paschen-Back effects, were detailed beautifully by Back and Lande* in 1925. The 
magnetic perturbation splits degenerate states of atoms. The energy degeneracies 
are lifted because of the interactions between the magnetic moments associated 
with the electronic orbital and spin angular momenta of the atom and the external 
magnetic field. Because the energy of a magnetic moment in a magnetic field is 
the scalar product of the field and the magnetic moment, the energy splitting is 
linear in the external parameter, the magnetic field strength. This effect has been 
utilized to study the couplings of electronic angular momenta. The extension of 
Zeeman spectroscopy to diatomic molecules requires the introduction of another 
coupling: that of the electronic angular momenta with the nuclear-rotational 
angular momentum. Historically, this gave rise to Hund's famous coupling cases. 
Finally, the applications of Zeeman techniques to linear trialomic molecules 
demonstrated the need for other, new types of coupling, namely those between the 
electronic angular momenta, the nuclear- vibrational momenta and the nuclear- 
rotational motions. 

Observation of the magnetic-field splittings of spectral lines resulting from 
transitions to and from degenerate states is possible only when the spectral line- 
width is narrower than the energy shift caused by interaction of the atom/molecule 
with the external field. Thus, the measurement of magnetic moments, the angular 
momenta of electronic and nuclear motions, and the couplings of these motions is 
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limited to atoms and very simple, low-molecular-weight di- and linear tri-alomic 
molecules. Indeed, this limitation has led to the development of other magnetic 
field polarization spectroscopies^ for molecules. While these spectroscopies do 
not provide the precision of the straightforward Zeeman measurements, they do 
yield information that, othowise, would not be available. The technique of optical 
rotatory dispersion (ORD), for example, has demonstrated the presence of 
magnetic field effects in large molecules. And, finally, the ability to produce 
photons in their fundamental quantum states of angular momentum (right and left 
circularly polarized light, RCP and LCP light) and to detect differences in the 
transmission of these through samples in magnetic fields has given rise to 
magnetic-circular-dichroism (MCD) spectroscopy. MCD spectroscopy permits 
precise, accurate determinations of magnetic properties and, therefore, inferences 
about the electronic and nuclear motional characteristics of large polyatomic 
molecules and condensed-phase matter.^'^ 

Polarization spectroscopies are subjects of renewed interest,^*^’^ 
particularly in the IR, VIS and UV regions. However, the development of MCD, 
particularly VUV MCD, has been han^>ered by two difficulties; 

— The first difficulty relates to experiment. There are no off-the-shelf apparatus 
available for VUV absorption spectroscopy, much less for polarization 
spectroscopies, nor does it appear that such off-the-shelf apparatus will appear in 
any immediate future. The primary impediment is light intensity, namely its 
production and its attenuation. It was thought that synchrotron radiation would 
overcome the production problem and, indeed, Snyder^ has shown the advantages 
that accrue to the synchrotron source. The only way to avoid the attenuation 
problem is to eliminate transmissive optics as far as possible. Such optics are in 
varying stages of development, as witness the development of the four-minor 
polarizer by Hoechst.*^ Fortunately, there is also a third way, namely 
improvements in data handling and data treatment that lead not only to improved 
resolution but also to greater experimental versatility. We will discuss one such 
device in this work. 

— The second difficulty relates to interpretation. The usual approach is to 
interpret the MCD spectra using the basic A-, B-, and C- signatures^'^ that 
correspond, respectively, to excited state degeneracy only, non-degeneracy of both 
ground and excited states, and ground state degena*acy only. Unfortunately, most 
MCD band shapes do not exhibit conformity with any signature type. One could, 
of course, decompose an arbitrary experimental band shape into some linear 
combination of the A- , B- and C- types, but the physical meaning of such a 
decomposition is not at all clear. The problem arises b^ause the spectra of even 
relatively small molecules are so heavdy congested (i.e., contain so many 
individual rovibronic transitions) that the distribution of the individual rovibronic 
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signatures ova* any one molecular feature can produce a myriad of MCD band 
shapes. The approach that is adopted in this work is to model the individual 
rovibronic transitions in the presence of the static magnetic field, to distribute 
these over the entire transition envelope and to apply windows that, individually, 
mimic the molecular and instrumental resolutions. 



2. Experiment 



The main element of a modulated polarization spectroscopy (MPS) apparatus is a 
photoelaslic modulator (PEM) or similar "phase shifter". As a result, light is 

generated with a periodic time-dependent pattern of polarizations fl(/) given by^ 



v2 



( 1 ) 



where £ and y are unit vectors in the x and y directions; ^ is a retardation 



amplitude; and Cl ~ 2«f * 2n/T where f, the modulation frequency, is the natural 
frequency of the PEM crystal. In our experiment, this frequency is -50kHz (T 
-20jis). The retardation amplitude S may be adjusted to iU2 to yield RCP (right 
circular polarization) at i = T/4 and LCP at 3T/4; or to S « n to yield linear 
polarizations at / * 0 and T/2 (both i +y) and r*T/4 and 3T/4 (both x - This 
light passes through the sample, where it is absorbed, and then impinges on the 
photomultiplier tube where it registers an output current I{ n(/) ]. 

The apparatus is shown in Fig. 1. The purpose of the apparatus is to 
record I[ fl(/) ]. The difference of the two currents, 1(5 * «/2, t * T/4) - 1(5 = n/2, 
( s3T/4), divided by their sum yields the circular dichroism (CD). Other 
difference-sum ratios yield other dichroisms. In any event, the minimal task of 

experiment is to provide an accurate measurement of l[n(0] at two different 
times t within the period T. 

When the time difference of the two signals is T/2, a lock-in amplifier may 
be used, which is the usual experimental configuration. Unfortunately, if the 
current profile of the signal I[n(/)) over the period 0 < / < T is not sinusoidal, 
only the intensity difference pertinent to that Fourier component that is congruent 
with the PEM fiequency can be extracted. Furthermore, this difference is merely 
proportional to the "true" difference, which turns out to be a complicated but 
manageable function of the actual signal shape. In sum, if the signal shape has to 
be determined, the lock-in can only provide qualitative information. However, the 
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Figure 1. A schematic of an (M)CD experiment. The sectiras enclosed by a dashed perimeter 
are maintained under vacuum. A Hintaegger hydrogen lamp, laser cr synchrotron may be used as 
a source. A lock-in amplifier or TSDD may suppkSit the SDL The Wollaston prism produce a 
linear polarization- The pholoelastic modulator (PEM) varies the polarization phase (PP) continuously. 
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lock-in amplifier cannot measure A 1[ !!{/)] between any two points for which At 

is not equal to T/2; and, finally, it cannot measure individual A 1[ n{t)) values. 

A second more versatile technique, but one fraught with its own problems, 
substitutes a transient signal detection device (TSDD) for the lock-in amplifier. 
The TSDD is based on a fast analog-to-digital converter (ADC) and collects 
digitized time-resolved data from which differences can be extracted by 
subsequent numerical processing. A TSDD can provide exact values for any 
number of points within one period T and exact differences between them. The 
TSDD, in fact, is a prerequisite for accurate MPS studies because the signals 
A l[n{/)]are generally not sinusoidal, and their profiles cannot be determined 
except by a TSDD because profiling requires that separate individual intensities 
must be measured within the period T. 

Unfortunately, off-the-shelf TSDD's do not perform on-the-fly data 
processing because of designs that restrict the length of an experiment to that 
which fills the TSDD data buffer. In other words, an MSP experiment would 
require unconscionably long times, 100 hours or more! 

3. The Selective Digital Integrator (SDl) 

A new device which combines the best of the on-the-fly integration capability of a 
lock-in amplifier and the time-resolution characteristics of a TSDD has been 
developed recently. ^ *’*^'*^ Tliis device is based on a digital signal processor. It is 
referred to as a ’’selective digital integrator” (SDI) and is shown schematically in 
Rg. 2. It samples the signal at 48 MS PS (megasamples and integrates single- 
period-data in a predetermined number of channels, with maximum time resolution 
of -'84ns. If 239 charmels are used per period T (i.e., 239 x 84ns = 20 >Js), the 
SDI can integrate over 100s or more, using only 4k words of memory, before 
being forced into a data transfer mode. 

The intensity profile A 1[ n{0) fo^T/4 < t < 3T/4 as obtained by an SDI is 
shown in Fig. 3 for two different wavelengths in the first Rydberg absorption 
band of (+)-3-methylcyclopentanone. This molecule is naturally dichroic and the 
CD at either of these two wavelengths can be obtained from the sums and 
differences of intensities at the first and last points in the diagrams of Fig. 3. 
These profiles provide clear proof of the non-sinusoidal nature of I [11(0] and, 
hence, point out an inherent source of error in the use of a lock-in amplifier for 
(M)CD measurements. A CD spectmm obtained from an appropriate range of 
such profiles is shown in Fig. 4. It compares very favorably with those obtained 
using a synchrotron source^^. However, Fig. 4 ^so shows the linear dichroism 
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and the absorption spec Ira, all of which were obtained from profiles such as those 
of Fig. 3, all of them under absolutely identical experimental conditions. Lock-in 
amplification cannot provide such data. 

The advantages ofSDI experimental control are: 

(i) Measurements of LD, CD and absorption spectra simultaneously and 
under identical conditions. 

(ii) A constant S/N mode available by automatic change of collection 
intervals. 

(iii) A wide dynamic range, available over the interval lOO^A > I > 1 pA, 
without gain switching. 

(iv) Sinusoidal nature of I[ n{/)] not required. 

(v) Eliminatioo of any need for voltage feedback and the consequent 
introduction of other non-linearities into I[ n(/)]. 

(vi) An increase of the expaimental resolution. 

In sum, (he introduction of SDI control should simplify and expand (he 

experimental capability, and make it more efficient. 




Figure 2. A simplified schematic of a selective digital integrator, SDL Four of six 
functional blocks are presented hae: a reference interface, a preamplifier (with W converter), 
an analog to digital (ADC) block, and a digital signal processcr (DSP) operating at 24MHz, 
The other two blocks (not shown) represent interfaces to the workstation. Ihe reference signal 
from the PEM povides polarization-phase information: for a retardation 5 * jc/ 2 ,the positive 
maximum and negative minimum (rf the PEM signal correspond lo LCP and RCP light. The 
signal from the PMT is converted lo voltage, amplified and conditioned in a preamplifier, and 
then digitized in the ADC block. Both refereiKe and signal are simultaneously pesented to the 
DSP and the signal is processed by the DSP. as described in the text The selectively integrated 
data are then sent to the workstation con^ter. Details are available in Vrancic et al.^^ 
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Figure 3. The intensily profile of I[ fl(j) J from T/4 (W^X/4) to 3T/4 (PP»-Ay4) as obtained by 
the SDI for two wavelengths in the first Rydbeig absoiption band of (+)-3-inethylcyclopentanone. 
The smooth curve is the simulated half-period profile obtained usii^ Eq. 2. 
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Figure 4. Absorbance^ CD and LD spectra of (+)-3-niethylcyclopeniaiione in the region 
of the first Rydbeig transition. All spectra were recorded in a single scan. Arrows denote scales 
to which individual spectra ^ould be referred. The presence <rfan LD coraporient is associated 
with a window condensation ctf an oriented film of (+)-3-methylcyclopentanone. 



4. Simulation Studies 

The expterimenta] absorption and MCD spectra of the first three Rydberg 
transitions of HI are shown in Fig's 5(a), 6(a), 7 and 8(a). The resolution was 
low, -SOotT^, because of the additional optical elements required for MCD 
studies. These spectra are pre-SDI era (i.e., they were obtain^ with a lock-in 
amplifier). Rotationally-resolved absorption spectra, not shown here, are available 
and have been assigned in accord with Ginter et al.’^. These assignments are the 
foundation on which the simulation studies are based. The absorption spectra that 
are shown were obtained at the low resolution imposed by the MCD studies, and 
they exhibit only sub-band structure. 
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The 5p->6s transition of HI, also design^aed^*^ [0)->[l] is 

shown in Fig. 5(a). Only the origin band is shown. The 5p->6s [0]-> 

[2], origin band is shown in Fig. 6(a). The magnetic field dependence ctf the [oj-> 
[2] MCD origin band is shown in Eg. 1. The intensity, as expected, is linear in 
magnetic field strength. The MCD of the 5p->6s *r"->^rio [0] ->[3HTansition 

is shown in Fig. 8(a). This latter excitation actually consists of two components,*^ 
one to the and the other to the ^Ho- upper states, that are separated by 

'*'12cm*^. Consequently, this excitation must be simulated as a sum of two 
separate electronic excitations, which provides a fairly stringent test of the 
simulation capability. 

While the MCD spectrum of the [0]->(2] origin band exhibits a classical 
A-type signature, neither the {0]->(l] nor the (0]->(3] origins do. The MCD 
spectra of these last two transitions cannot be decompcied into any sensible linear 
combination of A-, B- and C- signatures. As such, they also present a unique 
simulation challenge. 

No attempt to simulate VUV MCD spectra was available until recently,*^ 
presumably because of the low resolution that characterized these spectra. The 
only notable attempt in the visible region was that of Stadler and Eberhard who 
successfully treated a weD-resolved spectrum of the ICl molecule. The simulation 
studies discussed here wiU follow the Rupnik et al.*’ and Stalder et al.*^ models. 

One begins with an explicit evaluation of each individual roelectronic 
component of the origin band in terms of the angular momenta J, L and M, 
standard notation, using the polarization phase (PP) and external magnetic field 
dependent transition probability rules. For MCD, only two polarization phases 
are required, one for right-circularly polarized (RCP) light, a quarter wave 
retardation or PP = -Xy4, and one for LCP Ught, PP = X/4, An advantage of this 
approach is that it provides a direct linkage between the microscopic and 
macroscopic cross-sections, the latter of which is often given as a complex 
function of both the indices of refraction and absorption. Thus, one begins at the 
level of the molecular resolution, which is effectively infinite, then introduces the 
experimental conditions of pressure and temperature and, finally, imposes the 
restrictions of the experimental resolution. That is, one scales from the "infinite 
molecular" to the "arbitrary instrumental" using all individually possible 
roelectronic transitions. 

The code for the intensities of the individual transition elements is written 
in terms of the corresponding electronic transition moments. For MCD, the 
difference of absorption coefficients for the two selected polarization-phases, one 
for RCP and the other for LCP, in a magnetic field is 
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simulation belong a i^unilive elTort. 
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da 




Y. /(V,s,s')i?(j,s’) 

s-1 



J.9' AM =l 

(2) 



where /t is a proportionahty constant and the line shape / is a Lorentz function 






2v«r 

(v„-vy +r^] 



(3) 



of half- width f located at energy v,,*' .The bookkeeping of the transition events is 
provided by quantum numbers such as s, s", J and M. The matrix elements R(s,s') 
are dependent on two sets of angular momentum related numbers, one set for the 
Zeeman levels s of the ground state (unprimed) and another set for the Zeeman 
components s' of the excited state (single primed). The corresponding transition 
moments are 



R s \ ex \ s' > 






< 5*1 JiB I s" >< s \ ex \ s'* >< s \ ex \ s'> 



(4) 



where the first term represents the electric dipole transition moment along the 
space-fixed axis x, is the magnetic dipole moment, S is the magnetic field (-'5T) 
and Eg' and E,* are the energies of the two Zeeman components from sets s'and s” 
(where the double prime tootes the state mixed into the excited state of interest 
by the magnetic field). The quantum number set is (ti, J, M). Thus, for state 
s(^Lo) and Cl=2 for state s'(^ITj), for the transition [0]*>[1]. The codes for other 
transitions, for example, OfO&I for [0]->(2] and fi*0&0for (0]->(3], are altered 
as required. The value of r, as obtiuned from absorption studies that were limited 
only by molecular resolution, is -dicin'* for HI. 

The matrix elements of the electric and magnetic moment operators were 
calculated from Eq. 4 for each particular roelectronic transition in the P(AJ* -1), 
Q (AJ= 0), and R{^ = 1) branches. As indicated in Eq. 4, temperature-dependent 
terms do not affect the non-degenerate ground state for which /^O.The Zeeman 
shifts in the excited state, for example, are -'Icm’’. The individual terms ofEq. 

4 were calculated using the matrix elements from Townes and Schawlow*^, subject 
to a restricted summation over M introduced by the selection rules in the different 
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branches. The phase conventions of Condon and Shortley^ were used. When all 
individual elements had been computed, the line shape considerations of Eq. 3 
were imposed and Sa was calculated from Eq. 2. Finally, these intensities 
conliibuling at a given energy were summed and a grid of intensity versus v was 
constructed, the grid being 0.09cm *. 

In sum, the individual roelecironic line intensities were evaluated at 
infinite resolution, and then broadened to the molecular resolution using a 
Lorenlzian line- shape function. The final step consisted of the in^x)sition of a 
"window" of width equal to the experimental resolution ('-45cm**) in order to 
convolute this last intensity distribution into the low-resolution absorption and 
MCD spectra. The final results are presented for transition [0]->(l] in Fig. 5(b)., 
transition [0)->[2] in Fig. 6(b)., and for transition [0]->[3] in Hg. 8(b). 
Comparisons with the experimental data indicate a successful result. 

The simulation process frovides an excellent representation of the low- 
resolution absorption and MCD spectra of the and (0)“>[2] Rydberg 

origin bands of HI. Even when the MCD spectra show unusual structures, ones 
not previously classified, for example the [0]->[lJ band, one obtains full 
conformity with the experiment. The simulation of the transition [0]->[3] is also a 
good mimic of experiment. However, in this last instance, no major attempt was 
made to improve the simulation because the experimental MCD data are 
themselves in need of further refinement. 

5. Conclusions 

The purpose of this work is to highlight two recent developments in absorption 
dichroism studies. The first of these, the SDI, permits the simultaneous 
measurement of linear, elliptical and circular dichroism spectra and, also 
simultaneously, absorption spectra. It is unaffected by the non- sinusoidal nature of 
the periodic signals, by large changes of optical density or by voltage feedback 
restrictions. It should simplify experiment and, by virtue of larger resolution and 
fidelity, it should do much to increase the quality of the results. The second 
development was occasioned by the frustration of the authors when confronted by 
MCD signatures that were not of a classical type. A modeling technique has been 
developed that can handle contrary signatures, and it has performed well on three 
of the first Rydberg transitions of HI, two of them very non-classical. It is true 
that roelecironic assignments were already available for these three transitions and 
that the simulations merely verify those prior assignments. Howevo*, confrontation 
by a signature for which the corresponding transition is unassigned should present 
no difficulty other than considerably more work and, if the signature be adequately 
unique, it should provide rather inconirovertible assignments. 




135 



6. References 

1. E. Back and A. Lande, ’’Zeeman - Effekt und Multipletlstruktur der 
Spektrallinien”, Springer, Berlin, 1925. 

2. S. B. Piepho and P. N. Schalz, ’’Group Tlieory in Spectroscopy With 
Applications to Magnetic Circular Dichroism”, John Wiley&Sons, New York, 
1983. 

3. P. J. Stephens, Adv. Chem. Phys. 35, 197 (1976). 

4. J. D. Scott, ’’E^otophysics and Photochemistry in the Vacuum Ultraviolet”, Ed. 

5. P. McGlynn, G. L. Findley and R. H. Huebner, D. Reidel Publishing Co., 
Dordrecht, p. 729, 1985. 

5. G. L. Findley, J. A. Wilder, P. Hochmann, S. P. McGlynn, and J. D. Scott, 
’’Photophysics and Photochemistry in the Vacuum Ultraviolet”, Ed. S. P. 
McGlynn, G. L. Findley and R. H. Huebner, D. Reidel Publishing Co., Dordrecht, 
p. 1, 1985. 

6. J. Michl and E. W. Thulstrup, ’’Spectroscopy with Polarized Light”, VCH 
Publishers, Deerfield Beach, 1986. 

7. N. Purdie, Spectroscopy 12, 45 (1997). 

8. M. Freemande, Chem. Eng. News 16, 27 (1995). 

9. P. A. Snyder, P.Schatz, and E. M. Rowe, ’’Application of Circularly Polarized 
Radiation Using Synchrotron and Ordinary Sources”, Ed. F. Alien and C. 
Bustamante, Plenum New York, 1985. 

10. H. Hoechst, P. Buhcke, T. Nelson and F. Middleton, Rev. Sci. Instrum. 66, 
231(1995). 

1 1 . K. Rupnik and A. Vrancic, Bull. Am. Phy. Soc. 42, 987 (1997). 

12. A. Vrancic, K. Rupnik and S. P. McGlynn, Rev. Sci. Instmm. 69, 40 (1998). 

13. A. Vrancic, K.Rupnik, L. Klasinc, and S. P. McGlynn, J. Chem. Info. Comput. 
Sci., accepted for publication, June, (1998). 

14. P. Snyder, Florida Atlantic University, private COTrespondence. 

15. S. G. Tilford, M. L. Ginter, and A.M. Bass, J. Mol. Spectrosc. 34, 327 
(1970). 

16. J. D. Scott, W. S. Felps, and S. P. McGlynn, Nucl. Instrum. Methods 152, 
231(1978). 

17. K. Rupnik and S. P. McGlynn, J. Chem. Phys. 103, 7661 (1995). 

18. A. P. Stadler and W. H. Eberhardt, J. Chem. Phys. 47, 1445 (1967). 

19. C. H. Townes and A. L. Schawlow, ’’Microwave Spectroscopy”, McGraw- 
Hill, New York, (1955). 

20. E. U. Condon and G. H. Shortley, ’’The Theory of Atomic Spectra”, 
MacMillan, London, 1935. 




136 



ABBREVIATIONS 



ADC: analog-to-digital converter 

CD ; circular dictooism 

DSP: digital signal processor 

IR: infra-red 

LCP: left-ciicularly polarized 

LD: linear dichroism 

MCD: magnetic-circular-dichroism 

MPS ; modulated polarization spectroscopy 

MSPS: megasamples s' ^ 

ORD: optical rotatory dispersion 

PEM: photoelastic modulator 

PMT : pho tomultiplier tube 

PP : polarization phase 

RCP: right-circularly polarized 

S/N: signal to noise 

SDI: selective digital integrator 

TSDD: transient signal detection device 

VIS: visible 

VU V : vacuum ultra violet 
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1. Introduction 



Our understanding of molecular Rydberg states, and particularly of their interactions 
with valence-type species, is to a great extent based on a number of excellent studies 
which appeared in Ae sixties an seventies. Let us mention only the pioneering work 
by Mulliken [1-3], the review paper by Sandorfy [4], the book by Robin [5] and the 
articles of a summer school airanged by Sandorfy [6]. This topic has also been the 
subject of numerous ah initio studies carried out in our laboratory. For a review of 
earlier work the reader is referred to refs. 7 and 8. In the present article we will show 
the results of our recent investigations on the tetra-atomic molecules BjHs, C 2 H 2 and 
C 2 H 2 ' . We will focus on the relation between Rydberg and valence states in these 
species and on vibronic interaction {Renner-Teller effect). 

A typical Rydberg spectrum of a molecule consists of a series of sharp bands 
of relatively low overall intensity, the term values of which fit the expression widely 
applied in the spectroscopy of aJkali atoms: 



r «/p- 



R 






(I) 



where IP is the ionization potential to which the series converges (when R is 
the Rydberg constant, n the principal quantum number and A is the quantum defect. 
The absence of the nuclear ch^ge in this formula, as well as the finding that the value 
for A is essentially independent of the nature of the molecule in question, indicate that 
the outer electron "sees " the nuclei and all other electrons as a single point charge with 
the effective charge number depending on the efficiency of the screening of the nuclei 
by the other electrons. Like the atomic states, the molecular species of the Rydberg 
type can thus be classified according to the value of their / quantum numbers; however, 
since the symmetry of all molecular states is determined by the geometry of the nuclear 
framework, the degeneracy of the /^O Rydberg states is lifted so that, for example, 
in linear molecules ra, po, pt^ dOy dit, rf6, ... Rydberg species exist. Typical 
characteristics of Rydberg states, being a consequence of large spatial extension of the 
Rydberg orbitals, are small spin muWplet splittings and significantly different gas phase 
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and condensed phase spectra. 

Spectra arising from excitations into valence-shell orbitals do not show 
regularities and reflect the individual characteristics of a given molecule. Such spectra 
generally consist of broad band systems with variable intensity, depending on the 
character of the state and the bonding properties of the orbitals involved. Relatively 
large spin multiplet splittings and very similar gas/condensed phase spectra indicate a 
much more contact charge distribution than in Rydberg states. 

Hie classification of molecular spectra into Rydberg and valence types 
represents an idealization, however. In particular, the position of the first member of 
a given Rydberg series (generally 3 in molecules containing first-row atoms) usually 
deviates significantly (up to some thousand reciprocal centimeters) from its value in 
formula (1), indicating that the electron occupying the corresponding Rydberg orbital 
still 'sees ' the molecular core [4]. The classification is especially difficult when states 
of both categories lie in the same energy region and possess the same symmetry. Their 
interaction leads to states of mixed vdence-Rydberg character. The degree of mixing 
usually changes dramatically with variation of molecular geometry parameters. Very 
often the mixing occurs between a valence state and a series of Rydberg species lying 
close to one another. In this case the valence character gained by the interaction may 
be distributed over a number of the Rydberg species [7]. 

A great deal about Rydberg states and their mixing with valence-type species 
can be learned from simple molecular orbital (MO) theory as has been demonstrated 
by MuUikeo (see for example ref. 9). Modem quantum chemical calculations are an 
ideal tool to help in such analysis. The mixing of the valence and Rydberg character 
of electronic states can be noted at the configuration interaction (Cl) and/or at the MO 
level. In the first case, occurring usually if the electronic states involved differ by a 
double excitation, the coefficients in the Cl expansion of the electronic wave functions 
vary drastically by crossing the mixing zone upon geometry variations, while the MOs 
retain their U2AO structure. However, if the leading configurations in the two 
electronic states (of the same spatial symmetry and multiplicity) differ by a single 
orbital, the mixing can already proceed at the orbital level, while the Cl coefficients 
remain relatively constant with geometrical distortions. In this case the change of the 
upper orbital is reflected by the change of the corresponding electronic state (see, for 
example, ref. 10). 

A quantitatively correct description of the valence-Rydberg interaction in 
molecules requires theoretical methods which are able to account for the differences 
in electron conelation in Rydberg and valence states. For this reason extensive multi- 
reference configuration interaction (MRD-CI) calculations are employed in the present 
work. 



2. Technical aspects of the calculadoas 

In this section we give a brief presentation of general strategy we have applied in 
calculations of electronic spectra of small molecules, particularly of (^^ 2 ^ and 
CjHj. we discuss in section 3. In order to describe molecul^ Rydberg states the 
standard atomic orbital (AO) basis sets employed in quantum chemical ah initio 
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calculations have to be extended by appropriate functions. This can be done by adding 
AO functions with higher principal quantum numbers n at each atomic center. An 
alternative way is to pl^e atomic functions with appropriate n and / quantum numbers 
at a chosen point (for example the geometrical midpoint or center of mass of the 
molecule) to represent Rydberg cabitals. This concept ccHresponds directly to the 
united-atom character of Rydberg oibitals and has sometimes computational advantages 
(reduction of AO basis size). This route has been employed in the present work, "^e 
exponents for these one-component long-range Gaussian functions are for 3s, 4s, 3p, 
and 3d respectively 0.019, 0.0047, 0.015 and 0.015 [11] in and 0.02, 0.006, 
0.018, and 0.015 for QHj and This AO basis enables also a rough estimate of 
the 5s Rydberg orbital, because Ae six Cartesian components of the Rydberg d 
functions give five d species and one .t-type function. 

Valence-character orbitals have generally been described employing for 
heavier atoms (boron, carbon) the Dunnings (9s, 5p) AO basis set contracted to (5s, 3p] 
[12], augmented by one or two d functions. For the hydrogen atoms the (8s, 2p) [5s, 2p] 
basis of Lie and Clemenli [13] has been used. Tht basis of such quality has been found 
to suffice for a reliable description of the low-lying valence-character electronic states: 
In our previous studies of the states of BHj 1 14, 15] and NHj [16,17] it had been 
shown that enlargement of such a basis does not significantly improve the results for 
potential energy surfaces. This conclusion was also supported by comparison with the 
results of benchmark calculations on the same systems carried out by Brommer et al 
[18] and Chambaud et al. [19]. For a detailed analysis of this matter the reader is 
referred to our recent review [20]. Besides in the examples presented in section 3, the 
basis sets involving the above valence and Rydberg species have been employed in the 
studies on BFj [21,22], HCO [23-25], FCO [26,27], BHj (28,29], BH [30], andHNF 
[31]. 

The Cl treatment applied is of the standard MRD-CI type [32-35] with 
configuration selection and energy extrapolation. In all calculations the ^-shells of the 
heavier atoms (B,C) have been kept doubly occupied. For each series of calculations 
in each of the irreducible representations of the point group in question and each spin 
multiplicity a set of reference configurations has been chosen. It has generally included 
all configurations (up to 40) appearii^ in the final Cl wave functions with a square of 
the expansion coefficient larger than 0.005, anywhere in the range of geometry 
variations considered. In all cases the reference configurations have contributed more 
than 90% to the final Cl expansion. All configurations arising by sii^le and double 
excitations of the reference species (up to 1(f) have been generated. A selection of 
these configurations has been undertaken according to the energy-lowering criterion 
(r=l-l0 ^ihartree). The number of selected configurations, determining dimensions of 
the Cl secular equations explicitly solved, has been up to 18000. The results of 
calculations of the electronic energy earned out at a number of different threshold 
values have been extrapolated to J=0.The effect of still higher excitations has been 
taken into account by a Davidson-type perturbative formula [36]. 
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3. Valence and Rydberg electronic states of tetra-atomic molecules 
3.1. COMMON FEATURES 

The three tetra-atomic molecules, and C 3 H 2 are closely related to one 

another and possess similar electronic structures. All of them are dihydiides with linear 
equilibrium geometry in the ground electronic state (D^b point group). However, 
b^use of different number of electrons, the valence parts of their electronic spectra 
are different and therefore also different relationships between stales of valence and 
Rydberg character are expected in these species. 

A common feature for all three molecules is the geometry dependence of the 
energy and the basic conposition of the MOs, representii^ the one-electron basis in 
which the wave functions for their electronic states are expanded. Numerical results 
are published in our previous studies ([37,38] for [39,40] for B 2 H 2 ); in Figs, la- 
e are displayed their qualitative counterparts, corresponding to the well known 
MuUiken-Wdsh diagrams. 

At linear geometry the lowest-energy MOs (not shown in Figs, la-e) are l^y^ 
and IcTu, built by the symmetric and antisymmetric linear combinations of the l.v 
orbitals of heavier atoms A (= B or C), respectively. They are followed by 2<r^ and 
composed primarily of the linear combinations of the 2s orbitals of A atoms. The 
next MO is 3(T., which forms the ptj bond between the A atoms additionally st^ilized 
by mixing with the symmetric linear combination of the hydrogen \s oibitals. It is 
followed by the species composed by the symmetric linear combination of the p 
orbitals of the atoms A, perpendicular to the molecular axis. Thus the ordering of the 
3J| and Itu oibitals is in H-A-A-H letra-atomics reversed with respect to the situation 
in homonuclear triatomic molecules. The oibital occupation in the ground slates of the 
molecules considered is indicated in Figs. la-e. If the AO basis involves only valence- 
character orbitals, the lowest-energy virtual orbital is built by the antisymmetric 
linear combination of the 2pir orbitals of the heavier atoms. However, if the Rydberg 
oibitals are present in the AO basis, they form non-bonding MOs with the energy very 
close to zero, and are therefore placed between the bonding iir^ and anlibonding 
orbitals. 

Figs, la-d present the dependence of the orbital energies on five vibrational 
normal coordinates for molecules with equilibrium geometry: symmetric A-H 
stretching, A-A stretching, antisymmetric A-H stretching, trans-bending and cis- 
bending. In Fig. le the dependence of the MO energies on the torsional coordinate of 
a slightly bent molecule is shown. Correlation of symmetry species of different point 
groups is presented in Table 1. In the subgroups of D»b having a symmetry axis (Cy,. 
Cjv. CJ.ftc symmetry axis corresponds to t^ z-axis of the coordinate system bound 
to the molecule. In these cases ihey-axis is along the A-A bond. In the C, symmetry 
the ^-axis is peipendicular to the molecular plane. 

General characteristic of all diagrams la-e is practically negligible geometry 
dependence of energy of the MOs built by the Rydbeig-type AOs. The most important 
features concerning the valence-type MOs are obvious from the figures. While both the 
2<r„ and 3(F. orbitals are bonding with respect to symmetric elongation of the A-H 
distances (rig. la), the energy of the former decreases, and that of the latter increases 
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Figure I. Dependence of MO energies on geometry variations in symmetric ieira*aiomic molecules (H-A-A* 
H) with linear equilibrium geometry, and Oc denote the H*A*A angles at irons- and ci;*bending. 
respectively, y is the torsional coordinate. for rrnw'planar geometry, y at cu-planar geometry. 
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TABLE 1. CorKlatior of species ofs linear molecule (point group D.O of a molecule of 

lower symrnetry. 







c^. 


c, 


c, 


c.- 


\ 


A, 


A 


A* 




K 




B 


A’ 


D, 


B. 


R, 


B 


A" 


E. 


A, 




A 


A" 


n. 


A. + B. 


A, 


A + B 


A’ + A* 


n. 


A, + R, 


A, + B, 


A + B 


A’ + A’ 


•i. 


A. + B. 


A, + B, 


A + B 


A’ A' 




A. + B. 


A, + Bj 


A B 


A’ + A* 


% 


A. + B. 


Aj + Bs 


A -r B 


A’ + A* 




A, R, 


A, + B, 


A + B 


A’ + A* 



upon antisymmetric A-H stretching (Fig. Ic). Fig. lb presents the dependence of the 
MO energies on large-an^ilitude A-A stretching, leading eventually to dissociation of 
the molecule into two AH fragments. A consequence of increase of the and 

Ixu orbital energies and decrease of the energy for 3a^ and lir^ upon elongation 
of the A-A distance is different eneigy ordering of these orbitals at large A-A 
separation relative lo that at the ground state equilibrium geometry: The 3<r^ and 3o„ 
orbitals lie at separated AH fragments below lir^ and Iitj* all of them having in this 
geometry region lower energy than the Rydberg-character species. The energy of the 
2\ and 2a, orbitals, correlating at the linear geometry with 2a^. decreases, and that of 
3a, and 3 a, (3 j, at the linear geometry) increases upon bending (Fig. Id). The energy 
of the 2b„ orbital, correlating with 2au. shows we^ dependence on the rran.?-bending 
coordinate, while the energy of its Cjv counterpart, Ibj increases upon bending. At 
rrjw.v-planar geometries the energy of the in-plane component of the Ixg orbital, 
is lower than that of its out-of-plane counteipart lag. The situation is opposite at the 
cw-bendiog with the in-plane component, 4a,, having higher energy than out-of-plane 
lb,. The 4a, and Sbj components of the It, orbital are stabilized upon bending, the 
energies of their lb, and counterparts show very weak dependence on the bending 
coordinates. Of all the MOs conside^, only the components of It, show appreciable 
dependence on the torsional coordinate (Fig. le). Torsional motion connects the species 
4a, (Cji symmetry) and la 2 (C 2 v). ^ well as lb, and 3b2with each other. Because of 
the above discussed energy ordering of these species, the corresponding MO energy 
curves cross each other. All these trends can be explained qualitatively by considering 
the AO composition of the MOs in question as shown in ref. 41. 

On this qualitative basis the low-lying electronic states in the molecules 
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considered should correspond to the following one-electron excitations: 

It, (vaJeoce) 

Rydberg MOs 

3^, ix, 

2a, It,, 

the last two being possible only in BjH, and QHj* . The results of ab initio calculations 
of the vertical electronic spec^ in tiiese three molecules, carried out in our laboratory, 
are collected in Table 2. 

3.2 ELECTRONIC SPECTRUM OF BjHj 

Although the boron hydrides, particularly the binary boron species, have been the 
subject of numerous experimental and theoretical studies (see, for example, the reviews 
by Greenwood [42] and Downs and Pulham [43]), there is very littie experimental 
information about the smallest member of the diborane hydrides family, Only 
recently Knight et al [44] reported the first definitive experimental characterization of 
this species by electron spin resonance in neon and argon matrices at 4 K. 
Controversial results of this study were explained by means of subsequent ah initio 
calculations [45]. Earlier experimental studies have achieved only fragmentary 
infomiation concerning BjHj and its positive ion. So the line observed at 26$0 cm ’ in 
the FTIR spectrum in an argon matrix was assigned to the symmetric B-H stretching 
of BjH.in its ground electronic state [46]. In another study the BjHj* ion was detected 
by means of mass spectroscopy and the ionization potential for was estimated to 
be roughly 8.25 eV [47]. Previous theoretical studies on this molecule [48-53] 
concerned only the ground electronic state and the two lowest-lying excited species. 
Shortening of the B-B bond length with respect to the corresponding values in saturated 
boron hydndes has been brought into connection with the nature of the B-B bond being 
an intermediate between the sii^e and double ones. Investigation of the Renner-Teller 
effect and the magnetic hyperfme structure in the ground state of BjHj’has been the 
subject of recent ah initio calculations [54,55]. 

The first systematic ab initio study of the higher-lying singlet and triplet 
electronic states of ^H^has recently been carried out in our laboratory [39.40]. It has 
included computations of potential surfaces involving large-amplitude variations of the 
symmetric B-H stretching, B-B stretching, trans- and c/.t-bending and torsional 
coordinates. Particular attention has been paid to the investigation of mixing between 
the states of valence and Rydberg character. In Figs. 2 and 3 are displayed the irans^ 
aud cfv-bending potential curves calculated at the B-H and B-B bond lengths kept fixed 
at the equilibrium values for the ground stale, 2.17 hohr{\.lA%^) and 2.9bohr(1.5i5 
i), respectively. Potential curves for other degrees of freedom can be found in original 
references [39,40]. 

The ground state of possesses the electronic configuration (Fig. 

1): \oJ 2 o^ 3a^^ I x,MTie two lowest- lying excited states, J'a, and I'E/, 

computed at me vertical energy of 0.64 and 1.CT7 eV, respectively (Table 2), 
correspond to the san» electronic configuration, have also linear equilibrium geometry 
and the B-H and B-B bond lengths siinilar to those in the ground state. In this contest 
it is interesting to note that the ^obal structure of the BjHj spectrum resembles that of 
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Table 2 . Re$ull&of Outtc calcuuuoos of ibe vertical ejectrccic spectra C^', aod C,H,. 
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the oxygen molecule (or of B^) and has no similarity with the spectrum of the 
isoelecironic diatomic Cj [56]. This is a consequence of the inverse order of the 3^^ 
and Itu orbitals relative to ^e dialomics. The ground state of C^is ... 20^^ \ir*, 
and the three lowest- lying electronic slates of 0; correspond to the 
configuration ... \ic^* $ 0 ^ and are thus the same symmetry species as those 

of B:H, (X%, 

At the equilibrium geometry of the ground state the next group of electronic 
states of in the increasing energy order consists of the species arising by 
excitation of an electron from the I orbital into the lowest-energy valence-character 
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Figure 2. Trans- (left-hand side) and cis- (righi-hand side) bending polential curves for triplet electronic 
stales of computed at the B-H and B-B bond lengths kept fixed at 1.14S and 1,535 respectively. 
Solid line; states of A| and A, symmetry; dashedlines; and B| species; dooed lines; A^and A, states; 
dash-dotted lines; a^ states. The lowest-lying Rydb^ state is denoted by (3s). The potential curves 
for the ionic ground stare, are also displayed. 
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orbital (“nr** transitions). The vertical energies of these states are 4.03 (1% ), 

4.22 eV and 4.31 The remaining n species, %' (5.95 eVf, 

{8.04 eV), and (8.47 are found to appear above the states stemming from 
other types of electronic excitations, particularly above the lowest members of the 
Rydberg series (see Table 2). As shown in Fig. Id, the energy of the 4a, (at the trans- 
b^ding) and particularly of 3bj (ds-bending) components of the t, orbital decreases 
upon bending, while that of their b, and ^ counteqjaits does not change significantly. 
Depencfing on which of these orbitals is occupied (and to a lesser extent on which 
component of the orbital is depopulated), the slates arising by excitations 
have either linear equilibrium geometry or become stabilized upon bendng. The energy 
of the lir, oibital increases rapidly upon elongation of the B-B bond, and that of the 
T, species decreases. A consequence of that is that the equilibrium B-B bond lengths 
in the states are appreciably larger than in the ground state. Because the energy 
of neither t, nor t, species significantly depends on the B-H distance, the states 
have very similar equihbrium B-H bond lengths as the ground state. 

Relatively small energy separation between the and It, orbitals at the 
geometries close to the equilibrium geometry of die ground slate has as a consequence 
diat the states arising by the one-electron excitation and are 

embedded below the species of Rydberg character (at the verticd energy of 5.08 and 
5.97 eV, respectively). Rapid increase of the energy of the rrows-bending counterpart 
of the 3a, orbital, 3a,, and very slow increase of the d.t-bending species coirelating 
with 3aj, 3a,, is refleaed in the form of the corresponding potential curves; While the 
trans -component of the l^Ilu and I ‘11^ states lend to stabilize upon bending, the energy 
of their cw-counterparls increases when the linearity is distorted. The energy of the 3a, 
orbital increases upon elongation of the B-H bonds and this results in slightly larger 
B-H bond lengths in the 3a, slates than in the ground state. On the other hand the 
behavior of the 3a, orbital with respect to the chaise of the B-B bond length is very 
similar to that of the liTy species. This is reflected in nearly equal equilibrium B-B 
bond lengths in the ground slate and the l^riy and I ‘11^ stales. 

All of the slates discussed thus far are at geometries close to the ground state 
equilibrium geometry of exclusively or predominantly valence character. All other 
electronic states of calculated to lie in the vertical energy range up to 7.7 eV, 
with the exception of the 2au-*liTg, 2^11, state with vertical energy of 7.23 eV, possess 
predominantly Rydberg chmacler, originating from excitations. With the 

exception of the lowest-lying triplet and singlet state they match the Rydberg 

formula (1) quite well. Since the eneigies of the components of the W, orbital show 
relatively dependence on the trans- and c/.v-bending coordinate, all the Rydberg 
states have linear equilibrium geometry like the ground state. The situation with the 
change of the B-H ^nd lengths is anriogous. On the other hand the Rydberg states 
possess appreciably larger B-B bond lengths than the ground slate has, as a 
consequence of partial depopulation of the strongly B-B bonding I Ty orbital. 

Tlie different behavior of the potential surfaces of the hypothetical pure 
valence and pure Rydberg states with geometrical variations causes a number of 
interactions between surfaces accon^anied by considerable mixing of the conesponding 
slates. Figs. 4 and 5 displayed the potential curves for lengthening of the B-B distance 
at the linear nuclear arrangement up to the limit of dissociation into BH BH. 
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Figure 6. Vertical electrooic spectra of BH (singlet aod triplet states), BH, (doublets)and (sublets and 
triplets). The spectrum of the boron atom is also showa Zero on the energy scale corresponds to the 
ionization potential of each species. States of valence character are denoted by dash>dotted lines, species of 
Rydberg character by solid lines. The lowest-lying Rydberg stae is denoted by (3s). 
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Different ordering of the MOs at large B-B separation cfiscussed above (Fig. lb) 
suggests also different ordering of electronic states relative to that at the ground state 
equilibrium geometry. The lowest-lyii^ state of the HB-BH system at large separations 
is of symmetry and describes two BH molecules in their ground (X'E*) states. 
This can be rationalized because the energy of the orbital of the HB-BH system lies 
in this geometry region below that of Thus the electronic configuralion of the 
lowest-lying state of the HB-BH system becomes ... 3^^* 3^,^* at large B-B 
distances. The leading configurations for the two lowest-lying excited states of the HB- 
BH system, and arise from excitations out of the and 3^, orbitals into 
lir, and lir,, Tb^ states correlate with the BH fragments in the X'E* and a^n states. 
The next group of states of the HB-BH system \%\ PE»,'‘,and 

PAJ involves the configurations arising from double excitations out of 3^,and 3<r, 
orbitals into lir,, and lir^. These states correlate with the BH fragments both in the 
state. 

Thus, at the linear nuclear arrangement the ground state of the BjHj molecule, 
X^E, . correlates with the third dissociation channel. Figs. 4 and 5 show furthermore 
that several states of BjHj can predissociate because of avoided crossings with surfaces 
of the same spatial and spin symmetry. The majority of avoided crossii^ is caused by 
the fact that the Rydberg-character states of BjHj prefer smaller B-B bond lengths and 
a number of valence-type species is stabilized upon elongation of the B-B distance. A 
consequence of that is diat the low-lying Rydberg states of BiH* do not correlate with 
the dissociation channels involving Rydberg species of the BH fragments. 

In the lower-symmetry nuclear airangements a number of crossings formally 
allowed in the symmetry is forbidden; this increases the number of avoided 
crossings and leads to dissociation patterns different from those shown in Figs. 4 and 
5. So, for example, the ground state of beccraes at trans-planar geometries a ^Bg 
species, while the I ^11, state correlates with *Ag+^B|. This leads to an avoided crossing 
between both these ’Bg species. The potential curve for the ^Bg state correlating with 
leads adiabatic ally into the lowest dissociation channel for triplet species, 
involving BH(X'E‘) and BH(a’ri). 

In Fig. 6 we compare the spectra of three molecules, BjHj. BHj, and BH. as 
computed in our laboratory employing the same approach ([391 for B 2 HJ, [28,291 for 
BHj, [301 for BH); the spectrum of atomic boron is also presented. The ionization 
potential of each species is chosen to be the zero-point on the energy scale. Thin dotted 
horizontal lines correspond to the term values computed by means of the Rydberg 
formula (1) with 4-1 for s, 4 *0.5 forp, and 4=0 for d orbitals. It can be clearly 
seen that in spite of completely different lower paits of the spectra, corresponding to 
the valence states, all four species possess very similar Rydberg spectra. Significant 
differences can be noted for the lowest members of Rydberg series (3s). They are 
caused by interactions with neighboring states of valence character. 

3.3. SINGLET ELECTRONIC STATES OF CjHj 

In contrast to B 2 H 2 , the spectrum of the acetylene molecule has been investigated very 
thoroughly. We will give a review of the most important studies to illustrate how 
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difficult il is to resolve reliably the Rydberg spectrum of a polyatomic molecule. The 
spectrum recorded in the pioneering study by Price [57] in 1934 has been for fifty 
years the subject of different interpretations. New problems have arisen before the old 
ones have solved, questionable assignments have succeeded fine analyses, and 
only recently has been concensus more or less achieved. However, before presenting 
the corner-stones of the exciting history of attempts to elucidate the structure of the 
acetylene spectrum, we will discuss shortly what is expected from an analysis based 
on our early ab initio study on singlet electronic states [37]. 

3.3.1. General structure of the spectrum 

In its ground electronic state acetylene is linear, with the configuration (Fig. 1) 

2<j^ litf, < At linear geometry the two lowest-lying excit^ singlet 

states are and l^d,,, both of them arising by excitations with respect to the 
ground-state configuration. They are of predominantly valence character and were 
calculated at the vertical energies of 7.3 and 1.6 eV, respectively (Table 2, Fig. 7). As 
typically for species, they have appreciably larger C-C bond lengths than the 

ground state and the C-H bond lengths similar to those of the ground state. The 
state correlates with the l^Ay species of the tranr-planar, and with VA^ of the cis- 
planar molecule. Both the I'Ay and l'A 2 states have non-linear equilibrium geometry. 
The state correlates with l‘Bu and 2‘Ay at rranr-planar, and with VB; and 2'A2 
at c w-planar geometries. The I'By and states are stabilized upon bending, 2’ Ay and 
2‘A2 prefer Unear geometry (Lischka and Karpfen [58] found in a more recent study 
a shallow minim um at the bond angle values of roughly 170^ for the latter two states.). 
At linear geometry the electronic transition from the ground state into I'Ly* and l*Ay 
is dipole forbidden, but becomes allowed for the components of these species (except 
for diose of A^ symmetry) at trans- and dr-planar geometries. It was also found tl^t 
there exist some mixing of the valence and Rydberg character at strongly bent 
geometries in the states conelating with l‘Ey* and I'Ag. 

AD higher-lying excited singlet states computed in the vertical energy range 
up to 10.5 eVwere found to be of predominantly Rydberg character, with very similar 
features: linear equilibrium geometry, the C-C distance appreciably longer tlm in the 
ground state (but somewhat shorter than in the VL^' and VA^ valence species) and a 
slightly longer C-H distance than in the ground state. The lowest-lying of these species 
is 1*I1 u(3j), computed to lie at a vertical energy of 8 eV. It represents the lowest 
excited state for which the transition from the ground state is allowed at linear 
geometry. As expected for the members of Rydberg series and clearly seen in Table 
2 and Fig. 7, the density of states becomes systematicaDy higher with increasing 
energy, so that in some instances it was difficult to establish the correct ordering of 
states. This concerns particularly the states conesponding to the Xy-»3d(R) and 
7Ty^.r(R) excitations, which all were computed to lie in an energy region whose width 
is comparable to the expected calculation error (0. 1-0.2 eV). 

Six series of Rydberg states converging to the first ionization potential are 
expected to appear in the acetylene spectrum. They correspond to the one-electron 
excitations presented in Table 1 All electronic states listed in Table 3 can be singlets 
and triplets but we want to restrict our analysis to singlet species. In classical one- 
photon absorption, the transitions from the ground state, XTj’' are allowed only into 




Figure 7. Trans‘ (left-hand side) and cis- (right hand side) bending potential curves for (be singlet stales of 
CjH, calculated at the C-H and C-C bond lengths kept fixed at LOSS and i .208 A,rfspectively. Solid lines: 
states of A, and A, symmetiy; dashed lines: B, and B| slates; dotted lines: A, states; dash-dotted 

liiKs: B^and B, states. Tbe lowest-lying Rydberg st^ is denoted by (3s). The potential curves for the ionic 
ground state, X^n,. are also displayed. 
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TABLE y Rydb«r$ series of icctyleae. Bold cvpittJs deaou the <ute« lAo wliicb tniuil)0& from the 
grouod sute U dipole allowed. ^ Last row gives (be symiaeuy of Caiuaao componenu of 

(be eleonc dipole operator in various poini gnMps. 
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species of (series I» IV, and VI) and symmetry (series V). Some of transitions 
become allowed if the equilibrium geometry of the upper state is not linear, as 
indicated in Table 4. At fran.v-planar geometries (Ca point group) transitions into the 
species correlating with (series V) and (series VT) are allowed. At c/.v-planar 
geometries (C> point group) only the transitions into the states correlating with E^ are 
forbidden (as well as transitions into Aj components of and 4 , species). At still 
lower symmetries (C^, C,, C, point groups) all transitions are allowed. Some of (he 
electronically forbidden transitions can be induced vibronically by excitation of a non- 
totally symmetric mode [antisymmetric C-H stretching (a^*), trans-bending (r,), cis- 
bending (irj], or by interaction with a neighboring electronic state (intensity 
borrowing). However, both vibronically induced and non-vertical transitions should be 
weak. Ooe-electron excitations out of the lower-eneigy oibitals occupied in the ground 
state (e.g. 3^^) into Rydberg orbitals lead to the electronic states lying above the first 
ionization potential. 

3.3.2. Early attempts to interpret the spectrum 

A spectrum of acetylene was first studied by Kistiakowski [59] who observed weak 
bands extended from 210 to 240 (A^X absoiption system). A detailed study of 
both the vibrational and rotational structure of this band system was carried out by 
Ingold and King [60,61] and Innes [62]. On the basis of a large isotope shift they 
ascribed the progressions observed to the bending vibrational mode and concluded that 
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in the upper electronic state the molecule is rrons-bent, with symmetry. The 
transition energy of Too =42 198 (5«23 eV) was determined. Besides, the vibrational 

frequency forrrjws-bending (1048 cm’)Qnd fte value for the C-C stretching frequency 
((i)*2“1398 cm ‘) were reported. The weakness of the absorption spectrum was 
explained by the fact that the transition from the ground state is forbidden to 

this state at linear geometry. 

In the region between 155 and 200 nm a rather complex spectrum (B^E) of 
diffuse bands was observed by Herzberg [63]. It was speculated that this transition 
could be assigned as [64]. The oscillator strength was estimated by 

Wilkinson [65]. More information about the B^X system was subsequently reported 
by Foo and Innes [66]. They found a long bending progression with a spacing of 720 
cm*' and concluded that the molecule in the upper state has a bent geometry. The state 
was assigned to 'By. The value determined for Tqo was 54116 cm*' (6.71 cV). 

The upper states for both A^X and B^X transitions have valence character. 
Price [57] observed a very rich and strong absorption spectrum of acetylene in the 
region 105-152 nm and ascribed it to the two Rydberg series /^E(R)and ^ri(R’),both 
converging to the same limit corresponding to an ionization potential of 11.35 eV: 
i/o(cm') = 92076 • R/(rt-0.50)^ (f). = 91950 - R/(n'0.9Sy (U), «=3. 4, 5, ... The 

assignments npL and npH are somewhat confusing. The symmetry of the Rydberg 
states involved in the transitions obsaved was deiced on the ba^ of a rotational 
analysis. However, excitations from the T„orbilal into np Rydberg orbitals lead to the 
electronic states into which the transition from the ground state is dipole forbidden. On 
the other hand the size of the quantum defect in the series I is in accord with the 
assignment proposed. The series II has a quantum defect typical for s Rydberg series. 
Comparison of the spectra of CjHj, C^HD, and CjDi enabled to distinguish the 
electronic transitions from the vibrational structure. Price concluded that the electron 
excitation originates from the C-C bond and that the corresponding normal mode is the 
prominent vibrational feature in the spectrum. 

Moe and Duncan [67] measured the absolute intensities of thirteen electronic 
transitions belonging to the Price series and determined their absorption coefficients 
and oscillator strengths. They found a relatively large value for the oscillator strength 
of the first member of series I (0.173) and a fairly uniform decrease of the oscillator 
strength with increasing quantum number for other members of this series, as well as 
for all members of series II. The series I was assigned to ndir^ and the series D to ndh. 
or Nostrand and Duncan [68] corrected the value for the oscillator strength or 
the first band of series II to 0.13 (from 0.0616 [67]). 

The /I =3 terms [C at 65814 cm*' (8.16 eV) and D at 74498 cm*' (9.23 eV)] 
of these series were studied under high resolution for both CjHj and C^Dj by 
Wilkinson [65]. He found that in both transitions only short progressions appear 
corresponding to totally symmetric vibrational modes and on this basis he assign^ the 
upper state to be linear or at least very nearly linear. The values determined for the C- 
C frequency in these two states, 1849 and 1871 cm*', are smaller than the frequency 
for the same mode in the ground state (1973.5 cm*' [69]) and larger than the C-C 
frequency in the l'A„ valence state, being in accord with the above discussed 
we^ening of the C-C bond upon iTy-*R, and particularly upon excitations. 
Wilkinson reported also two new non-Rydberg transitions overl^^)ping with the first 
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two: C^A (now called F«-X [69]) at 74747 cm‘ (9.27 eV}, involving a rron^-bent 
upper state, and B^A (now E^X) at 74622 cm ‘ (9.25 eV) with a /ran.9-bent geometry 
and slightly twisted upper state. These bands had been observed by Price but he had 
ascribed them to vibrationally excited Rydberg stales. Wilbnson’s assumption 
concerning the character and geometry of the F and E states were based on the 
appearance of progressions in the bending vibrations. He ass^ed the stale C as 'n„, 
the slates D and F tentatively as 'IIu and respectively, and speculated that the state 
E could be of 'B„ symmelty. WilMnson’s analysis was suppo^ by Nakajama and 
Watanabe [70] who found on the basis of intensity measurements that the F and E 
bands most likely arise from transitions into two non-Rydberg states. They measured 
the absorption coefficients in the region 105-200 nm. For the lowest-lying Rydberg 
state ((T) their result was much larger (by a factor of eight) than that obtained by Moe 
and Duncan [67]. 

The first theoretical studies which could contribute to a reliable interpretation 
of the acetylene short- wavelength spectrum appeared in the seventies. So, Green et ai 
[71] reported calculations in the one-electron approximation which supported the 
assumption that the two Rydberg series observed by Price correspond to 
and H excitations. Wiile the latter assignment seem^ to be beyond any 

doubt, the former was questioned in Robin’s book [5], because it inplied that the 3d 
Rydberg state has the term value which is 5000 cm'’ above that normally found for 
transitions terminating at 3d, For this reason Robin found it to be most likely that the 
series 1 arises by excitations, in spite of the fact that the electronic transitions 

into the corresponding states (being of u symmetry) are forbidden at linear geometry. 

First suggestion that a third Rydberg series could be identified in the acetylene 
spectrum was made by Dibeler and Duncan [72]. However, low resolution of their 
spectrum forced them to consider this conclusion as somewhat tentative. The part of 
the absorption spectrum between 125 and 136 nm was reinvestigated by Jungen [73]. 
He proposed a radical reassignment of the bands appearing in this region. On the basis 
of the measured intensities he transferred the origin of the Prices R’ series from the 
slate D to the close-lying F. Jungen identified the third Rydberg series, R”, and 
assumed it to begin with Ae state G placed at 804CN) cm ’ (9.97 eV). The members of 
the R" series had previously been interpreted as rra/w-bending vibration superimposed 
to «R. The series R and R’ were assigned as ns<jg 'H, and ndr^ 'C,* , respectively, and 
R’' as either nd6 or ndc. The D slate was assigned to and the transition 

to it, being dipole forbidden, was explained by intensity borrowing from the 
neighboring F slate. The valence-character E slate discovered by Wilkinson [65] did 
not appear in Jungens analysis. 

Jungens interpretation of the acetylene spectrum was supported by the ab initio 
calculations in the frozen-core approximation carried out by Demoulin and himself [74] 
and later by Demoulin [75]. It was questioned, however, by Kammer [76] on the basis 
of his MRD-CI calculations. Kamm er calculated the lowest-lying Rydberg state of *11^ 
symmetry at the energy of 8.7 eV, much below the experimentally observed D state 
(9.24 e^^. He assigned the D stale to 2*11^. The E and F states were 

tentatively assigned to the 'Bj and 'Bg components of the i^,(R’) Rydberg states, 
respectively, stabilized and gaining some valence character upon trans- and cis- 
bending. 
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Extensive high-resolution measurements of the spectra of various isotopes of 
acetylene in the regions between 126 and 137 nm [77] and 105-125 nm [78] have been 
performed by Herman and Colin. They led to identification of all four Rydberg series 
corresponding to dipole-allowed transitions and to the interpretation of these spectra 
that seems to be now commonly accepted. In the first of these papers the presence of 
the irans-plonai valence-character E state, observed by Wilkinson and missing in 
Jungens analysis [73], was confirmed. Herman and Colin supported Jungens 
identification of the R”’ series, but contrary to him they assigned the state D, its first 
member, to 3d<Jg 'H, in accord with Rammers prediction [76]. Thus the R"' series was 
found to be the fourth expected Rydberg series involving dipole-allowed transitions. 
In accord with Jungen, and contrary to Wilkinson, the F state was assigned as the first 
member of the ndXg series, with very probably linear geometry. In their other 

paper [78] Herman and Colin earned out extensive vibrational and rotational analysis 
of spectra of CjHj, CjDj, 'KjUzy CjHD.On the basis of measured isotope shifts 
they confirmed d^ively Jungens identification of the R" series as nd6g. The first 
member of this series, ^jpearing at 80458 (9.97 eV)was called H. On the basis 

of their results Herman and Colin derived the Rydberg-type formulae with parameters 
given (for ‘^H^) in Table 4. 



TABLE 4 . Assignment of Rydberg senes in acdylene proposed by Herman and Colm (7S). 
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The difference in the convergence limit (45 cm'‘) for the series R’ and the other series 
was assumed to correspond to the spin-orbit splitting in the state of QHj’. 

In 1963 Herzberg [63] studied under high resolution the second member of 
the «R series, 4s<jg 'Ily(G) and observed clear evidence of the Renner-Teller effect 
[79]. This was the first observation of this kind of vibronic coupling in a tetra-atomic 
molecule. Colin et al. [80] reported later an extensive study of the Renner-Teller effect 
in the close lying electronic states G (at 9.93 ^V) and H {at 10. 13 ^V). Their analysis 
was based on the pertuibative approach developed by Petelin and Kiselev [81]. An ah 
initio study of the Renner-Teller effect on the l‘IIu(C) and states was carried out 
in our laboratory [82]. 

3.3.3. Recent assignments of Rydberg states 

Much larger variety of molecular spectra than in classical one-photon absorption can 
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be obtained by multiphoton resonant ionization (MPI) techniques which have been 
employed in the last two decades to investigate Rydberg states of a number of 
molecules. Tliis approach offers the possibility to populate excited electronic states 
which are inaccessile in one-photon absoiption. So in the case of acetylene, two- 
photon excitation provides a route to states of g symmetry. Besides its utility for 
investigating Rydberg states of the parent molecule, MPI has been widely used to 
produce the states of the positive ion, as well as states of some smallCT molecular 
species (for example C 2 H) difficult to access by standard techniques. In such cases the 
Rydberg state plays the role of an intermediate ^jecies which ionization or 
pettissociation leads to the species being investigated. 

Ashfold et ai [83] identified a new Rydberg state as a three photon resonance 
in the four photon ionization spectra ofC 2 H 2 and C^Dj. The zero-point level of this 
state was found to be sufficiently long lived to support rotational structure. The 
adiabatic transition energy with respect to the ground state was determined to be 79933 
cm ' (9.91 eV). This value fits the Rydberg formula with /i=3and 3=-0.02.Ontbe 
basis of spectral analysis and comparison with the ah initio calculations [39] the state 
was assigned to Orlando et ai [84] reported a study of the 3 + 1 MPI 

spectrum of acetylene in the 74450-90100 cm ' range. In contrast to Ashfold et al 
[83], they obsaved a number of Rydberg and some valence states being stable on the 
time scale of the experiment. This was explained by the high pressures at which the 
previous study has been carried out, leading to diminishing of intensity of all bands 
except for those involving the state. In another work Orlando et ai (85] used the 
three photon resonant, four photon (3 + 1) ionization spectroscopy and photoelectron 
spectroscopy to study the ungerade electronic states of acetylene in the energy range 
from 74500 to 90000 cnf'. It was found that sharp bands from the nsc^ (R) and 
Rydberg series dominated their MPI spectrum. A number of states appearing in the 
VUV absorption spectra were absent or weak in the MPI spectrum, suggesting that 
non-radiative decay was rapid enough to depopulate these species before ionization 
occurred. 

The Renner-Teller sphtting of the vibronic levels in the Rydberg slate 

was studied by Zhu etal [86]. Pillion et ai [87] observed al 80637 cm'' (10.00 eV) 
the SdiTg component of the ungerade Rydberg supercomplex of acetylene 

by (3 + 1) MPI spectroscopy of CjHj and C;Dj. Sufficiently long lifetime of the 
vibrationless level enabled a rotational analysis resulting in molecular parameters very 
similar to those of the ionic ground state. The results of that study questioned the 
assignment of the 80640 cm’ band observed by Zhu et ai [86] to 

The lowest few gerade Rydberg slates of C^HD, and C 2 D 2 were 
delected by Ashfold et ai [88] as two proton resonances in the MPI spectra. 
Particularly, they assigned the features observed at 72753 cm ’ (9.02 eV)and 74286cfft ' 
(9.21 ^ VO to the Spity species, respectively. It was concluded that these 

two species interact with each otiier via irans- and c/s-bending modes. The Renner- 
Teller effect in the state was evidenced. A search was made for higher gerade 
slates at energies up to 90000 cm’. Two weak features observed al 82630 and 
82654 cm*‘ (10.2 eV) were tentatively assigned to 4pr, The weakness or absence 
of the bands corresponding to the 45. 5p, 6p. and 7p Rydberg states was found to 
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TABLE i. Veftical d«<lroeic spednun of icdylene, siagia suics. E^. experimetial result; results 

of cuf ab initio saidy (37]< 
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imply the onset of an efficient decay channel at energies S 76000 cm \ suggesting that 
the high Rydberg species were dissociated too rapidly to be efficiently ionized. 
Takahashi et al [89] measured the two-color double resonance MPI spectra due to 
transitions from various ro vibrational levels of the valence state of acetylene to 
the 'A, Rydberg state. The spectra showed a long progression in the rroK.v- bending 
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vibration in accord with the bent structure of the A state and linearity of the Rydberg 
species. The Renner-Teller effect in the upper electronic state was (^cussed in terms 
of the theory developed for triatomic molecules. 

Finally, Lundberg et al. [90] reported the results of a very extensive UV 
double resonance study devoted to the E state and claimed that they conclusively 
proved the valence character and the non-planar, nearly ds^bent structure of this 
species, having been matter of much controversy. 

We do not want to discuss in the present article the experiments carried out 
in solid matrices, as well as those involving the excitations out of lower-lying orbitals 
populated in the ground state into Rydberg orbitals. For a comprehensive review of 
such investigations up to 1975 the reader is referred to the Robin’s book [5]. 

The results of the various gas phase experiments are listed in Table 5 and 
compared with the states calculated in our ah initio study ^ 

states for which there is no experimental information (at least to our knowledge) are 
now 3po^ ‘Ilj, ’Ej*. and idir^ •Ey . On the other hand, our theoretical study did 
not find ^e state whose features would coirespond to the experimentally observed E 
state. This can be explained by the fact that our calculations were restricted to planar 
nuclear arrangements and relatively small variations of the H-C-C angles (120-180^). 
The geometry of the E state was estimated to be fee* 1*41 A, <H-C- 

C» UO®, and ^cch*75® <^cch ^ dihedral angle between the CH bonds) [90]. 
Therefore, it can expected diat this state lies above the low-lying Rydberg species 
in the geometry range we considered. 

The results of ah initio calculations at least qualitatively reproduce the rather 
peculiar experimental finding that the states D{3dc^ II J and FiSdir. lie unusually 
low for members of 3d Rydberg series, which is reflected in a large value for the 
quantum defect of almost 0.5 (table 4). On the other hand the other Rydberg 3d 
Rydberg states were correctly predicted to ^pear in the energy region expected on the 
basis of formula (1) (Table 5). 

Comparison between the experimental and theoretical results presented in 
TMs 5 shows that the latter uniformly (except for the 3do^ H and 3dt^ E„ *“ states) 
underestimate by 0. 1-0.2 eVthc former. The same tendency is found for the valence- 
type excited states. This suggests that our calculation treated the correlation energy 
somewhat worse in the closed-shell ground state than in open-shell excited species, and 
consequently that the relative energy positions between the excited states are computed 
more reliably than the energy differences between them and the ground state. 

3.4. THE ELECTRONIC SPECTRUM OF 

The acetylene cation plays important roles in various experiments in the laboratory and 
in space and has been subject of continuous experimental and theoretical investigations. 
However, in spite of a great amount of work there are many yet unresolved problems. 
Particularly fragmentary is the infonnalion about its excited states. 

Already in 1935 Price determined the ionization potential of acetylene erf 1 1.35 
eV as the convergence limit for two Rydberg series [57]. Herzberg [63] pointed out at 
the evidence of the Renner-Teller effect in the 4R Rydberg state of acetylene and 
concluded on this basis that the ground state of C 2 H 2 * possesses linear equilibrium 
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geometry and symmetry. Nakajama and Walanabe [70] improved the value for the 
first ionization potential of acetylene to 11.41 eW. This result has been confirmed and 
other structural parameters (approximate equilibrium geometry, some of the vibrational 
frequencies for a few low-lying electronic stales of C 2 H 2 *) have been derived in the 
subsequent photoionization studies [91-95]. 

3.4.1. Photoelecton studies on the hw4ying electronic states 
Photoeleclron spectroscopy has for a long lime been the most important source of 
information about the structure of C 2 H 2 * in its low-lying electronic states. Baker and 
Turner [96] determined the three ionization potentids of CjHj at 11.40, 16.36, and 
18.36 eV. The electronic slates of involved in the spectra observed were 
assigned to the species arising by loss of an electron from one of the three highest- 
energy MOs populated in the ground state of the neutral molecule, 3a^, and 2o^ 
(Fig. 1). Appearance of a progression with the spacing of 1830 cm'^ in the first 
photoeleclron band, assigned to the C-C stretching vibration, indicated an appreciable 
elongation of the C-C bond length upon ionization. Baker and Turner were not able to 
resolve the vibrational structure of the second band in their C 2 H 2 '^ spectrum, but they 
interpreted the corresponding CjDj* spectrum in terms of the C-D symmetric 
stretching and C-C stretching modes. The third band, assigned as state, appeared 
with low intensity but exhibited clear vibrational structure in both the C 2 H 2 * and C 2 D 2 ’ 
spectra. The vibrational frequencies of 2510 and 1900 cm'^it^ QHjT were tentatively 
attributed to the 0)2 and oj, modes, respectively. The unusually small value for the 
symmetric C-H stretching (wj) and the large C-C stretching frequency (o^) were 
explained by the C-H bonding and C-C antibonding character of the 2a^ orbit^. 

Much more details concerning the structure of spectra of C 2 H 2 *have been 
derived from the high-resolution pholoelectron spectra recorded in the last decade. 
Reutt etai [97] obs^ed in the spectrum of the stale of besides the C-C 

progression a low-intensity vibrational feature of 837 cm ‘ and assigned it to the (rans- 
bending mode. The main feature in the second photoelectron spectrum was assigned 
to the frtiw.v-bending with the frequency of 492 crrf‘. On the basis of this finding it was 
concluded that the ionic stale in question has a C^i, geometry The other low- 

frequency (605 cm'^) feature was tentatively assigned to in-plane cf?-bendmg. The 
values for the symmetric C-H and C-C stretching were determined to be 2530 and 
1730 cm ’, respectively. It was found that the lifetime of the A^Aj slate is very short 
(—10*'^ 5 ), suggesting a possible rearrangement of CjHj* into the vinylidenic ion 
HjCC*, in accord with the theoretical predictions by Rosmus et al [98]. The 
appearance of exclusively high-frequency vibrational features in the third photoeleclron 
Imd supported the assignment of the ionic state involved to the linear species. 

A serious drawback of classical pholoelectron studies on C 2 H 2 * spectra is 
caused by the fact that acetylene is linear in both the neutral ground slate and the ionic 
X^Ilu and states, so that these investigations provide information of only a 

limited number of vibrational modes of the ion. A very efficient tool to study further 
vibrational modes in the electronic spectra of C^H^^is the photoeleclron spectroscopy 
via conveniently chosen intermediate excited stales of the neutral molecule. Pratt ctii/. 
[99] reported photoeleclron spectra of one-photon resonant, two-photon ionization of 
acetylene via tiie A‘\ state. Because of the fra«.v-bent geometry of the intermediate 
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A^Ay State and the linear geometry of the final X^Tly state of a long progression 

in the rrow^-bending vitadon of the ion was delected. The spectrum was interpreted 
in terms of the Renner-Teller splitting of the potential surface of the state along 
the rran.T-bending coordinate. This analysis led to a reassignment of the cis- and irans- 
bending vibrations in the previous study by Reutt et ai [97]. The rron.^-bending 
frequency was determined to be S72cm'\ the higher-frequency feature of 837 cm*' was 
lentadvely assigned to the ds-mode. In the other study [100] Pratt etal. obtained a 
spectrum of high resoludon which enabled to cany out rotational analysis and 
measurements of the spin-orbit splitting for a number of f/*jn.?-bending vibronic levels. 
Hie Renner parameters cm‘ and £4 *0.30 were determined. A feature 

appearing at 748 cm'' was assigned to the c/.T-bending. Hattori et al. [101] studied the 
structure of the photoelectron spectrum resulting from autoionization of the 
superexcited (3ffj)''(3ay)' electronic state of the neutrd molecule. They identified two- 
mode progressions in die symmetric C-H and C-C stretching in the X^IIy state and 
determined the values for the conesponding frequencies of o)| =3307 cm*'and 1839 
cm*'. 

3A2.IRand UV studies 

The first observation of an infrared spectrum of CjH,’ was reported by Crofton et ai 
[102] who determined the values for the antisymmetric C-H stretching frequency (3136 
cm*0 and the spin-orbit constant (-30.1 cm '). This work was later extended to other 
isotopic species [103]. 

The first highly resolved UV spectrum of was obtained by Cha et ai 
[KM]. Resonance enhanced (2+ l)-multiphoton ionization was performed to obtain the 
acetylene cation in its vibrationless ground state via the Aj Rydberg state of the neutral 
molecule. At the final step, one photon of a second laser was absorbed, leading to the 
first excited A^A, state. A rich spectnim, interpreted in terms of the rrfl«.v-bending, in- 
plane cw-bending, and out-of-plane cw-bending, was obtained. The cut-off energy of 
2500 cm*' was connected with the height of the barrier to linearity for the fran.?-bending 
mode. This inteipretation of the A^Aj^X^H spectrum differs considerably from that 
proposed by Reutt et ai [97]. 

No emission spectrum of CjHj* has been reported thus far. This can be 
attributed to shortening of the lifetimes of the excited electronic states, accessible by 
present experimental techniques, due to various nonradiadve processes. 

3.4.3. Theoretical studies 

Relatively few theoretical studies on QHj* earned out at a high level of sophistication 
have been published thus far. The equilibrium geometry of the ground state was 
computed by Lathan et ai [105]. Cederbaum et ai [106] and Rosmus et ai [98] 
calculated vertical excitation eneigy for several electronic stales. Lee et ai [107] 
computed all vibrational frequencies for the ground state. Kraemer et ai [108] 
employed the three-dimensional potential surface for the stretching modes in the ground 
state to calculate corresponding rovibradonal levels. BCraemer and Koch [1091 carried 
out ah initio computations at a high level of sophistication to determine the equilibrium 
structure and eneigy location of the ground stale and two lowest-lying excit^ doublet 




163 



slates of . An extensive ab initio study, involving calculation of a number of one- 
dimensional sections of the potential energy surfaces for the and 

states was very recently published by Chambaud et ah [110]. 

The results of our calculadons [111,112] of the vertical spectrum of CjHj* 
carried out at the linear nuclear arrangement with the C-H and C-C bond lengths kept 
fixed at 2.04 (1.0795 A) and 2.37 hohr (1.2541 A) are presented in Table 2. The 

electronic configuration of the ground state of C^Hj^is la,^ 2c ^ 2a^ 3c^ liTy^, 

X^. Relative proximity in the energy of the and 1 orbitals has the consequence 

that the lowest-lying doublet electronic state at the equilibrium geometry of the ground 
electronic state is ... 3a, Ixy*, l^E,*, i.^. the species arising by a 3a,**lXy excitation. 
It is computed at the vertical energy of 5.67 eV. Very close to this state (at 6.10 cV) 
is found the lowest-lying species of the manifold of doublet states stemming from the 
iTy-»ir, one-electron excitations, ... x,, i^n,. The third excited doublet stale, 

corresponding to the same electron excitation, is 1^^,, computed at 7.00 eV. It is 
followed by the state (7.55 eV) with the electronic configuration ... 2c^ Iffg^ 
arising by a excitation with respect to the ground stale configuration. The 

highest-energy species calculated is the third member of the Xg-»ir, manifold, 2^11,. Its 
vertical energy is computed at 8.15 eV. Somewhat less reliable cdculations place the 
highest-lying Xg-*x, stale, 3^0, at 10.9 eV. The global characteristic of the acetylene 
ion spectrum is thus that all low-lying excited states are of valence character. The first 
species involving large contribution of a Rydberg-type MO ( ... is j,) appears at 

the vertical energy of roughly 12 eV. This observation is in line with the general 
analysis that Rydberg states do not play an important role in positive ions. In such 
cases the simple picture of formula (1), namely that the Rydberg electron is attracted 
by one positive charge is not valid any more; more realistic is the Rydberg-like 
spectrum for Z=2 as discussed in our early study on |1 13|. 

The trans- and cu-bending potential curves for Ae low-lying doublet stales of 

computed at the C-H and C-C bond lengths of 2.04 and 2.37 hohr, 
respectively, are displayed in Fig. 8. The potential curves corresponding to the other 
vibrational modes can be found in the original references [111,112]. 

The potential surface of the ground slate splits upon trans- and cis- 
bending into l^A^,, l^B^and l^A,, PB, surfaces, respectively. This represents the only 
example of the Renner-Teller effect in the ground state of a letra-alomic molecule 
having been investigated experimentally [99,100] and theoretically [ 114,1154] thus far. 

The second photoelectron band of acetylene coiresponds to the transition into 
the slate, correlating with at the linear geometry. Nonlinear geometry of 
the PA, slate is a consequence of partial depopulation of the 3a, orbital (correlating 
with 3 a, at the linear geometry), strongly bonding with respect to the tra«r-mode. 
Numerous (avoided/) crossir^s of the potential surface corresponding to the I^A, state 
with those of neighboring electronic species upon geometry variations, accompanied 
by strong vibronic interactions cause the spectra involving this state to be very 
complex. 

The third state of accessible in photoelectron experiments, . . . 2a„ 3Cf 
Ixg^, PE„* , is characterized by the C-H bond lengths larger, and the C-C bond smaller 
than in the ionic ground stale. This, as well as linearity of this state can be explained 
by the character of the 2c^otbi\2l (i.e. the orbitals correlating with it) at the geometry 




E/eV 




o^j/deg cx^Q/deg 



Figure 8. Bending poceniial curves fcr low-lying doublet electronic states of C 2 H 2 ''’ calculated at the C-H and 
C-C bond lengths kept fixed at 1.0795 and 1.2541 A, respectively. Solid lines: states of A, and A, 
symmetry; dashed lines; B^^nd Q, stales; dotted lin^: A^and st^; dash-dotted lines; g^and B, states. 
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variations in question. As a consequence of the fact that acetylene (as well as its 
positive ion) is linear in the ground state, only stretching features have been observed 
in the spectra involving the 1^1^^ state. 



4. Investigation of the Renner*Teller effect in Rydberg states of 

Fifty years Renner [79] foresaw the effects of coupling between electronic and 
nuclear bending motions onto the spectra of triatomic molecules. Only 25 years later 
was the first experimental evidence of this (Renner-Teller) effect reported [116,117]. 
Since that time the Renner-Teller effect has been one of the most thoroughly studied 
examples for the break-down of the adiabatic (Bom-Oppenheimer) approximation. 
Renners original perturbative approach, suitable for a treatment of weak vibronic 
interaction, has later been extended and generalized by other authors [118-125]. For 
a comprehensive review the reader is referred to aiticles by Jungen and Merer [121], 
Duxbury [126], Brown and Jorgensen [125], and Koppel etai [127]. The results of 
ah initio studies on this subject carried out in our laboratory are reviewed in refs. 128 
and 20. 

Contrary to the situation with triatomics, the Renner-Teller effect in a tetra- 
atomic molecule was first evidenced experimentally [63]. The first theoretical model 
was developed almost ten years later by Petelin and Kiselev (PK) [81]. The 
perturbative approach by PK is analogous to the Renner's model and describes the 
Renner's coupling of the components of a II electronic state slightly split upon bending. 
However, the theory of the Renner-Teller effect in tetra-atomic molecules is much 
more complicated than in triatomics because of presence of two bending modes 
contributing to the vibronic coupling. The perturtialive formulae derived by PK 
describe only a few special (but important) coupling cases. They were used by Colin 
et al [80] for an analysis of high-resolulion spectrum of acetylene in the 120.5-125.5 
nm region (G and H Rydberg states), and later by several authors who have studied the 
structure of Rydberg spectra of acetylene [89,86] and of the ground state of its positive 
ion [97,99,100]. 

The idea of PK was employed in our laboratory to develop a variational 
approach for an ah initio handling of die Renner-Teller effect in tetra-atomic molecules 
[82]. The cdginal model was slightly generalized: The approach was extended to 
handle both n and A electronic states and to treat bending vibrations beyond the 
harmonic approximation. The main practical advant^e of that approach was that it 
made possible to calculate all (bending) vibronic levels of interest. The model has later 
been extended to take into account the interplay between the vibronic, spin-orbit [115] 
and magnetic hyperfine couplings [55]. It is described in detail in our recent 
publications [129,130]. In these papers we give also perturbative formulae for two 
coupling cases not considered by PK and improve one of their formulae. Very recently 
we developed an algorithm to handle also large-amplitude bending vibrations [131]. 
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41. METHOD FOR TREATING THE RENNER TELLER EFFECT IN TETRA- 
ATOMIC MOLECULES 

Since the approach for handling the Renner-Teller effect in symmetric (A-B-B-A) tetra- 
atomic molecules with linear equlibrium geometry is described in great detail elsewhere 
[129,130] we give here only a very brief summary. We assume mat all the stretching 
vibrational modes and the rotations around the axes and c can be separated from the 
modes involved direcdy in the Renner-Teller effect, the trans- and cis- bending 
vibrations, torsion, rotation of the molecule around the axis a (=z) corresponding to 
the smallest moment of inertia, and the electronic motion. The molecular Hamiltonian 
for the latter degrees of freedom, contributing to the Renner-Teller effect, can be 
written in the form: 

( 2 ) 

where represent the nuclear kinetic energy operator and the electronic 
Hamiltonian in the fixed-nuclei approximation. Since we want to calculate the vibronic 
energy levels lying in the energy range of roughly 0-3000 cm'\ corresponding to 
relatively small deviations of linearity, we employ in the present study the zeroth-order 
kinetic energy operator in the form: 



1 


fa* 1 a 1 a* 


1 


a* 1 a i a* 




apr* Pr^Pr fit ^<*7 . 


2 t*c 


9c ^Pc Pc , 



where pj represents the small displacement of the terminal nuclei, perpendicular to the 
z-axis, and ^the azimuthal angle of the instantaneous molecular plane with respect 
to the space-fixed xz plane at the frfln.v-bending; the corresponding c w-bending 
coordinates are 

rmC'M, R«C-C). The form of a more general Hamiltonian, the 
approach how to handle it, and the effect of this generalization on the vibronic energy 
levels computed are presented in ref. 131. 

The vibronic wave functions describing the situation when two electronic states 
are coupled with each other are assumed in the form: 

where and are the electronic species and/, and/^ are the functions of the nuclear 
coordinates. In the present study we choose for the electronic basis functions ^ 
and reducing at the linear molecular geometry to : 



where $ represents the electronic coordinate conjugated to the z-componenl of the 
electronic angular momentum The asymptotic forms (5) of the functions 
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Qjj(i ^-A represent the common eigenfunctions in one-electron approximation of 
and Mg for a linear molecule in the electronic state characterized with the quantum 
number A (= 1 in the present case). This choice is made in order to avoid the necessity 
to compute the matrix elements involving the derivatives of the electronic wave 
function with respect to the nuclear coordinates. Another possible choices of the 
electronic basis functions are discussed in refs. 129 and 130. We assume that the 
functions and are connected with the eigenfunctions of the electronic 
Hamiltonian for the two states in question, calculated in the framework of the Bom- 
Oppenheimer approximation, the relations [129,130] 

where r represents the "rotation angle" and is generally a function of all nuclear 
coordinates considered. Since V'l (=^)and ^2 (*^*‘')are assumed not to depend on 
the nuclear coordinates, the nuclear kinetic energy part of the molecular Hamiltonian 
is diagonal with respect to the electronic basis functions. The matrix elements of the 
electronic Hamiltonian become after integration over the electronic coordinates 

t*-') = |(r f K-) -K, = it-^) 

= (7) 

V* and K are the eigenvalues of the electronic Hamiltonian corresponding to the 
eigenfunctions ^ respectively. The matrix elements (7) represent effective 
operators which still have to act onto the nuclear coordinates. The factors 
determine the selection rules for the matrix elements of the total model Hamiltonian 
with respect to the nuclear basis functions. It can be shown [129,130] that the off- 
diagonal matrix elements (7) reduce in the lowest-order (quadratic) approximation to: 



where Vf and represent half the splitting of the potential curve at pure trans- and 
pure CIS- bending vibrations, respectively; 

(9) 

kr and represent the force constant of the mean trans- and cis- bending potentials in 
the harmonic approximation, 
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W 







(1«) 



In calculations of the spinless vibronic energy levels the rovibrational basis 
functions/, and/, are taken in the form: 









(H) 



with -f A * / c * A * AT, where K represents the quantum number 

corresponding to the projection of the total angular momentum onto z-axis. and 

R(fi^ are the solutions of the radial Schrodinger equation for the two-dimensional 

harmonic oscillator describii^ small-amplitude trans- and cw-bending vibrations, 

respectively, 

ia — T or C). are associated Laguene polynomials. The matrix 

representation of the kinetic energy operator and the diagonal (with respect to the 
electronic basis) contributions of the electronic Hamiltonian V'g (Eq. 7) in the basis (11) 
are diagonal with respect to all quantum numbers Vp Ip The terms 

given by Eqs. 8 connect with one another the basis functions with 
/ Y = lj.± 2A, / c *ic V® l'c^lc±2\. Since the model Hamiltonian commutes with 

the projection of the totd angular momentum onto the axis z, computation of vibronic 
energy levels can be carried out for ea:h Af-block separately. Furthermore, each K- 
block is separated into two subblocks (g,«) and for K^O (E levels) additionally into + 
and - blocks. 

In refs. 129 and 130 the second order perturbative formulae for several 
particular coupling cases in n electronic states oftetra-atomic molecules are published, 
some of them having been derived previously by PK. We give here those we employ 
in the present study: 

(i) Vr^O, v^*0, : 

£® ^ - j *r) *1 ^ U3) 



(ii) K = ('unique" levels) : 
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4*c«c(Vc*1)(*c*2) 



( 14 ) 



(iii)Ar=Vr+Vc -1=A:«, -2 : 

£j*' = tt — n- 

S(v^efUr«v^CfO)f) 

* «c“c‘’c('‘c *2) *c«c 



=('’r»l)Ur+(vc»l)«c*^^‘’r*r“r**'c*c‘^c 

1 r2/ ,w22« 22. 

—j (erUr(v,*l)(v,er»r*2vc*c«c) 

8(''r*r«r*''c«c“c) 

2 , 2 2 2 2., 

♦ o^(v^. ♦ I) (2 Vy c j.<ii y Cc t»>c) ) 

All other formulae published by PK and in refs. 129 and 130 represent special cases 
of (13-15). 

4.2. VIBRONIC STRUCTURE OF RYDBERG STATES OF 

At the time we developed our approach to handle the Renner-Teller effect in tetra* 
atomic molecules it was not easy to find a convenient example to apply it. The only 
experimental information concerning the Renner-Teller effect in letra-atomic molecules 
concerned the acetylene Rydberg states G and H [80] belonging to the JJ+4j complex 
and thus appearing in the energy region where several other electronic states also lie 
(see Fig. 7 and Table 5). For this reason we decided to compute the vibronic levels in 
the lowest-lying Rydberg state Plly(C), being relatively well separated from the 

other species. The second state chosen to test our theoretical approach was Spv^ 
lying, however, according to our calculations very close to the other two 3pv^ species, 
Vt^' and 2'E/. 

Lack of experimental evidence made it impossible for a long time to check the 
reliability of these results. Only recently Ashfold et al [88] registered the Renner- 
Teller splitting in the state and reported the value for the cw-bending frequency 
in the lower component of this state of 680 cm \ very similar to the result of our 
calculations (670 cm’*). On the other hand, Ashfold etal found that the splitting of the 
A, and B, components of the 1*A| state upon tran^-bending we had calculated did not 
fit well their experimental data, being larger than expected for a A state in which the 
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Renner-Teller splitting is an effect of quardc order in the bending coordinate. They 
speculated that "the proximity of the E states promotes a strong second order vibronic 
interaction between Aand E states, and that it is (rather than normally weak first-order 
quartic term) that is responsible for the substantial splitting of the state induced by 
trans bending". We agree entirely with this analysis. The close-lying states of the same 
symmetry tend to "repel" each other and this effect depends dramatically on the 
proximity of the states in question. Indeed, at the linear geometry we calciUated the 
l'A| and I'E/ states at almost the same energy and the 2 'Ej’' state at 0.1 eV above 
them (Table 5). The experimentally determined difference litween 'Ag and is 
almost 0.2 eV [ 88 ] (the ‘E ' state has not been observed). This means that the 
interaction was overestimated in our calculations. Furthermore, since the E,’ species 
is calculated to lie closer to the A, state than its E,"^ counterpart, the species 
correlating with this E,* state at the rranr-bending repels the lower component of the 
Ag state, dso of B, symmetry, more strongly than the A, species correlating with Eg* 
repels the upper component (Ag) of the Ag state. This illustrates convincingly that it is 
important not to rely upon ab initio data alone when energy separations of the same 
size as the error limits in the calculations are concerned; in such cases only a 
combination of experimental and theoretical treatments can lead to the successfiil 
interpretation and understanding of the spectra. 

Having in mind the above difficulties we earned out in the framework of the 
present study computations for the vibronic levels in the H(‘nj state of '^ 2^2 
means of our variational approach, but employing instead of ah initio potentials the 
parameters derived by Colin el al. [80]: 04 - *440 wc*758 cm\ 

c^*0.29. Assuming the equilibrium C-H and C-C bond lengths to be 2.04 and 2.37 
hohr, respectively [1 14], we obtained for the reduced masses for small-amplitude trans- 
and dr-bending vibrations the values of ^*5.1714 and This led to the 

potentials for the trans- and dr-bending of the forms 

V-r* = 0.024439 Vc* * 0. 108533 

Vt* * 0.013451 Pt^ Vc « 0.059735 Pc^ . 

Applying the variational approach and the perturbative formulae described in subsection 
4.1 we obtained the vibronic energy levels presented in Table 6 and Fig. 9. 

In Table 6 we give the vibronic term values with respect to the minimum of 
the bending potential surface for the H electronic state. Experimentally observed band 
positions are scaled so that the position of the lowest-lying level, (V;>= 0 , H, 

observed al 80458 cm'\ coincides with its varialionally computed counterpart (at 1172 
cnt‘). Con^x)sition of the vibronic wave functions in terms of the quantum numbers 
Vp v^, of dominating basis functions is indicated. 

In order to facilitate the comparison with experiment, the results of 
calculations are in Fig. 6 adjusted so that the lowest-lying level computed coincides 
with the corresponding experimental finding of 80458 cm''. Since the bands assigned 
to the Eu and A^ vibronic levels of the H stale arise by transitions from the Vt* 1, 
Vc* 0 , rig vibrational level of the ground electronic stale (hot bands) these levels are 
shifted additionally by 613 cm'^ downwards; the E, and A, levels of the H slate 

which are accessible from the Vr= 0 , v^*!, H level of the ground state are 
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TABLE 6. Vibrook levels \d (be H(*nj Rydbcij AM of acctylcoc. f arid m denote the levels of gtrade 
aad mgerade synmietry. reepeoively. £ vibronic levels are not elassified according then +/• syouDctry 
because of (be UcJ: of the cofrespondtfig expenmeauJ mfortiatioo represeoi the resutu of seo>Dd« 
order perturbative calculations. E: variational results. 



1 


g 


^ 1 




BH 


gai 


£ 


HM 


£C> 


E 






CM 


I7U 


1710 


1 0 


1490 


1484 






01 


2131 


2149 


1 0 


1737 


1739 










2471 


30 


2238 


2227 










2692 






2728 




0 






2SS4 


30 


2731 


2736 






0 3 


2^91 


296S 






2865 










3097 




2987 


2973 










3222 


■■ 




3358 










3457 






3462 
















3477 






1 1* 


2109 


2106 


00 


U73 


1172 


1172 




1 1 


2343 


2341 


20 


1875 


1867 


1863 




1 1* 




2606 


20 


2223 


2226 


2214 








2S54 


02 


2371 


2369 


2409 


J 






3013 


40 


2619 


2608 










3364 


02 


2992 


2984 










3377 






3112 














3222 


3222 
















3290 
















3431 






B1 


1900 


1S97 


1 0 


1596 


1593 


1632 




hB 


2513 


2309 


3 0 


2271 


2262 






mSM 


2765 


2761 


3 0 


2698 


2697 




2 


0 3 


3051 


3040 


1 2" 


2776 


2775 






2 I‘ 


3074 


306? 


5 0 


3(»8 


2999 










3253 


1 V 


3054 


3052 










3482 


1 2* 


3445 


3420 






1 I 


2322 


2318 


2 0 


2010 


2005 






3 V 


2920 


2917 


02 


2610 


2607 






1 1‘ 


3173 


3170 


4 0 


2674 


2665 




3 


1 3‘ 


3460 


3448 




3167 


3153 














3185 


3193 














3478 


3472 
















3491 





* Experimental results for II, vibroruo levels are scalled so (hat (he band oorresportding to the 
n,(vr-0, VcsOh-I('(vT=0. v^=0)transmon, observed e( cm', coincides with ihe vanationally 
calculated position of the 11,(00) level (1172 cm'). The position of the hot band A,(lO>-n,(lCl) U 
addiiionally corrected subiraaing the value foru% = 613 cm' 

‘ Reaulis obtained emp^oyins ihe formula which improve that of PK. 

' Results which cannot be obtained by the perturbative fonnulae by PK. 
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Figure 10. Ab initio calculated vibronic levels in the XTl, electronic state of C,H.' Oonger lines). For K»0 
levelsihefollowing notation is employed: Z,’ • solid lines; S, • dashed lines; E,'* dotted lines; ^ • dash* 
dotted lines. For 0 ^ levels of g symmetry are denoted by solid, those of u symmetry by dasb*dotted 
lines. Available experimental data [100] are denoted by shor^ lines. Solid lines denote the assigned, dolled 
lines yet unassigned spectral lines. Bottom of the figure correspond to the minimum of the potential surface. 
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shifted downwards by cm'K Thus the positions of the vibronic levels 

calculated can in Fig. 9 be directly con^ared with the measured band positions (short 
lines). In Fig. 9 we denote with asterisk the levels which can be computed employing 
PK perturbative formulae. With two asterisks are denoted the levels which are 
calculable by additional perturbative formulae we derived [129,130]. 

Relatively large discrepancies between the experimentally observed band 
positions and the results of calculations which employ the potential surfaces derived on 
the basis of these experimental findings, and the fact that the potentials published by 
Herman and Colin are not isotopically invariant may serve as an indication that the H 
state is significantly perturbed by neighboring electronic species, particularly by the G 
state of the same symmetry. We also displayed in Fig. 9 several features observed in 
the spectrum but not assigned to the H state vibronic levels (short dotted lines). It is 
quite possible that some of these lines not assigned, or assigned to the G state 
overlapping with H (see Fig. I of Ref 80) belongs to the H spectrum. 

It is interesting to compare the vibronic spectrum of the Rydberg H(TIu) state 
of neutral acetylene with that of the ground state of the acetylene ion, to which 
all Rydberg series converge. In Fig. 10 we present the results of our ah initio 
calculations published elsewhere [115,130]. Our potentials are of the form 

* V(BJ = 0.063454 Vc^ = V(B,) * 0.077795 

Vf * V(A„) * 0.033683 Vc * V(A,) 0.075798 Pc^ 

and coirespond to ojt =704.5 cm'\ Cj -0.3065, wc»724.2 cm'\ and Cc*0«0130. In 
Fig. 10 available experimental findings are also displayed. As clearly seen, our 
interpretation of experimental data is in this case very reliable. 

(Comparing the parameters (ojj, c) for the H and X^Ily state one notes two 
essential differences. The experimentally (toved value for the rrfln.9-bending frequency 
in the H state is much lower than that in the state of (note that the 
experimentally derived parameters for the X^IIy state of C 2 H 2 *are iijj=694 cm*' and 
Cj=0.30 [100]), and the splitting of the d.?-bending potential surface is much larger 
than the ab initio value. We tend to explain these differences by the above mentioned 
perturbation of the H state by other neighboring Rydberg species. 



5. Conclusions 

In the present article we give a review of experimental and theoretical investigations 
of the structure of electronic spectra of three closely related tetra-atomic molecules, 
B 2 H 2 , C 2 H 2 ’ . and CjHj. Different number of electrons in these species, as well as the 
distinct nature of the boron and caibon atoms cause completely different structure of 
the valence parts of their spectra and consequendy different relationship between 
valence- and Rydberg-character states. Although the Rydberg states in all three 
molecules ^q)pear at the term values (with respect to the ionization potential) close to 
those expect^ on the basis of the Rydberg formula (1), their positions relative to the 
ground state of the parent molecule are quite different: In B 2 H 2 the first member of 
Rydberg series lies roughly 6 eV above the ground state, inCjH, at 8 eV, and in 
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at about 12 eV. In acetylene, with the completely populated iTy orbital in the ground 
state, only two excited singlet states (corresponding to xr* excitations) are placed 
below the manifold of the Rydberg states. Generi characteristic of the acetylene 
spectnim is the relatively clear separation between valence and Rydberg species. 
Vacancies in the 1 t„ oibital in the ground state of offer possibilities for one- 
electron excitations and 2a^-*lXu with a consequence that the corresponding 

electronic states are embedded below their Rydberg-character counterparts. Thus in the 
spectrum of we expect much heavier mixing between stales of valence and 
Rydberg character. Electron deficiency of C 2 H 2 "' has as a consequence a shift of the 
Rydberg spectrum towards higher energies. 

Inherently high density of Rydberg states causes systematically strong 
interactions between them, as well as with the valence-character species possibly 
embedded in the energy region where the Rydberg states ^^)pear. In the present study 
we analyze in detail the Renner-Teller coupling in some Rydberg states of acetylene. 
The other typical feature of Rydberg states is their predissociative behavior. It is 
caused by the fact that there generally exist valence-character states with high energy 
in the geometry region around the equilibrium structure of the ground state, which 
stabilize upon elongation of some of the bonds, with the consequence that their diabatic 
potential surfaces cross those of the Rydberg species. We illustrate this matter 
analyzing dissociation of into BH fragments. 

Review of investigations on the acetylene spectrum, presented in subsection 
3.2, shows that the progress in understanding experimental findings has been 
substantially accelerate with the corresponding theoretical studies. It should be 
stressed that the main task imposed upon the theoretician who will help to identify a 
Rydberg spectrum is not to predict the exact energy position of the Rydberg state in 
question [this information can commonly be obtained simply on the basis of the 
Rydberg formula (1)] but to establish reliably the relationship between the Rydberg 
state of interest and its valence- (and also Rydberg-) character neighbors. This makes 
the ah initio studies on the Rydberg spectra generally much more difficult than those 
concerning only valence species. Wiile in the latter case the inter-state interactions are 
accidental, in Rydberg spectra they are systematic. 
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Abstract 

Based on extensive multireference Cl studies of formaldehyde, the Rydberg 
spectra of simple aldehydes and ketones will be discussed. The electronic spectra of 
aldehydes or ketones differ greatly from one another despite sharing a carbonyl 
chromophore, and some reasons for the disagreement between them will be proposed. A 
critical analysis of the spectnim of formaldehyde will show that significant interaction 
between valence and Rydberg states explains many previously unexplained band 
features. Parallels will be drawn to other simple ketones and aldehydes (acetaldehyde, 
acetone, CI 2 CO), suggesting that slight shifts in valence versus Rydberg potentials can 
account for much of the spectral disparity. Finally, some photochemical in^lications 
will be discussed. 
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1. Introduction 

A handicap to studying the photochemistry of Rydberg states in ketones and 
aldehydes is that the electronic structure of |Aolo^xcited states and their neighboring 
states is inadequately understood. Our knowledge of the electronic spectra is based 
mostly on spin and spatially allowed transitions through visible/ultraviolet (UV) and 
vacuum ultraviolet (VUV) studies. However, weak or hidden bands resulting from spin 
or spatially forbidden single excitations, or double and multiple excitations, are equally 
important for understanding how an excited state will react once populated. Modem 
spectroscopic techniques offer a variety of fresh insights into states that are difficult to 
detect classically, but many problems still remain. Adding to the difficulties, even some 
strongly allowed valence shell transitions are not consistently accounted for in ketones 
and aldehydes. 

Conceptually, it would seem reasonable to predict a prevalent ’’ketone spectral 
pattern” in these molecules. For example, one would expect that the electronic spectra of 
ketones and aldehydes are governed to a large extent by the carbonyl functional group; 
thus a great deal of the observed vibrational features should be explained by the C — O 
stretching mode. Yet, merely superficial spectral similarities exist in the visible to high 
UV spectra of aldehydes and ketones. Only the spatially forbidden singlet (and triplet) 

band systems offer reliable points of comparison throughout the electronic spectra 
of (all) carbonyl compounds. The situation is even more complicated for Rydberg 
transitions. While the higher-lying energy regions are dominated by Rydberg 
transitions — which in theory are simple, with predictable energies and intensity 
trends — the spectra of different ketones and aldehydes again vary substantially, showing 
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different predomioanl Rydberg series of erratic intensities. This is true in spite of the fact 
that the prevalent Rydberg series originate from molecular orbitals strongly localized on 
the cart»onyl functional group. Even the most elementary and prototypical caitonyl 
compounds, i.e.y formaldehyde (H 2 CO), acetaldehyde (H(CH 3 )CO) and acetone 
((CH3)2C0), show a high degree of spectral dissimilarity. Interestingly, halogenated 
ketones X 2 CO (X=F, Q, Br) present a special challenge in that finding any elements of 
similarity with the Rydberg and valence spectra of more mundane alkylated ketones is 
an extremely difficult task [1-3]. 

Formaldehyde is the simplest aldehyde and a precursor to the ketone class of 
compounds. Experimentally, it shows long n-Kspdf)Rydberg, fi->(sp)Rydberg and a-f 
(p)Rydberg series, but virtually no signs of valence transitions other than the 

and the ^7t*)band systems. Ironically, while is the only spin and 

spatially allowed electronic transition observed among these four valence band systems, 
its assignment is the most tentative of the lot. All other allowed valence transitions are 
"missing." Higher lying Rydberg states of formaldehyde are predissocialive, except for 
the n- 4 (f)Rydberg series which is rotationally resolved. Note that the observation ofan f 
Rydberg series in polyatomic molecules is rare, and that such series are not observed in 
other aldehydes or ketones. While H2CO shows a weak n^fs^ydberg series and strong 
(pd)Rydberg series, many other ketones and aldehydes show, in marked contrast, strong 
n->(sd)Rydberg series and weak (p)Rydberg series. 

Through multireference Cl calculations on H2CO, we attempted to establish the 
energy position of Rydberg states and properties of valence states that could possibly 
affect the Rydberg manifold. Calculations included singlet Rydberg states up to 5d for 
the n-series, and 5p for the Jt-series. The interplay of the so-called ''missing" valence 
states with Rydberg states accounts for many of the special features found in the 
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spectrum ofH2CO. As we will see, it could also account for much of the distinctiveness 
of each ketone and aldehyde. In particular, the and valence states play a 

key role in understanding the spectral differences observed in the Rydberg energy region 
of ketones. For the above sentence and for the remainder of this paper, "ketone" is used 
in a broad sense, and is taken to include aldehydes. 

First a critical analysis of formaldehyde will be made, followed by a discussion 
of the Rydberg spectra of acetaldehyde, acetone, and CI2CO. Finally, some special 
photochemical features of ketone Rydberg states will be examined briefly. It is our hope 
that this work will help abate the continued confusion still found in recent literature on 
H2CO and wiU present new insights. This contribution is not intended as a historical 
review nor as a comprehensive review of the literature, but as a critical analysis of our 
current understanding of the electronic structure of formaldehyde and other ketones. We 
apologize in advance for our failure to quote all relevant works. 



2. Rydberg States and Valence-Rydberg Interactions in Formaldehyde 

Due to the long history of dis^reements and controversy surrounding the high- 
lying electronic states of H2CO, a critical analysis of its spectrum using both theoretical 
and experimental data is deemed useful. Furthermore, H2CO is an important molecule in 
the study of photodissociation in polyatomic molecules, which calls for an accurate 
account of the character and behavior of its excited states. 

The computadonal results presented herein were mostly calculated using multi- 
reference configuration interaction (MR Cl) methods, using triple zeta quality or better 
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basis sets including polarization functions, and up to 5spd and 4f Rydberg functions. 
Details are found in previous papers [4-10]. 



2.1. MOLECULAR ORBITALS 

International convention for C 2 v molecules is followed, with the CO oriented 
along the z axis and the molecule lying in the yz plane [11]. The ground state valence 
configuration of formaldehyde, . . . 4ai2ib2^5ai2lbj22b2^, canbe written as . . . 

Rydberg molecular orbitals (MO) will be labeled according to an atomic- 
like (nf) notation as ns, «p, nd, or nf, where n is the principal quantum number with 
respect to the atomic ordering of oxygen, / is the predominant orbital angular 
momentum. Where applicable, the / components are further differentiated by the usual 
Cartesian representation given as a subscript, e.g., 3px» 3py, 3dj2» . * 

The Ibi lone pair MO, n, is strongly localized in a 2py orbital on oxygen, and is 
antibonding with respect to the hydrogens. Promotion of the essentially non-bonding n 
orbital to a non-bonding Rydberg orbital results in little geometrical rearrangement, and 
thus n— ^Rydberg band systems are expected to show a strong origin with very little 
vibrational structure. The same holds for n-^Rydberg excitations in other ketones as 
long as the contribution of the substituents to the n orbital remains small. The fact that 
several low-lying Rydberg states of formaldehyde show abnormal vibrational 
activity can be attributed to valence-Rydbetg interactions as will be discussed shortly. 

The n (Ibj) molecular orbital is strongly localized on the carbonyl group, being 
polarized towards O, whereas the corresponding n*MO is polarized towards C. Rydberg 
excitations out of the strongly bonding n (lb|) into non-bonding Rydberg orbitals result 
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in an increase of the CO bond length, so that the n -^Rydberg states show vibrational 
progressions involving the CO-stretching mode. 

Although the 5ai orbital could be classified as a lone pair MO on oxygen, it is 
labeled a to indicate that it has a significant chaige density binding carbon to oxygen. 
Thus, Rydberg excitations originating from the c MO lead again to vibrational 
progressions with an active CO stretching mode [12]. The (a^) label refers to the 
antibonding MO which correspoods most closely to the <j* MO in caibon monoxide [13] 
(with a valence-only basis, this is the 7aj MO). Perturbations of the Rydberg spectrum of 
H 2 CO by valence state(s) involving have been widely suggested, but never 
corroborated in an unambiguous way. 

The a" (4a i) and o' (lb2) orbitals are strongly CH bonding MOs. Interestingly, 
the corresponding antibonding CH orbitals, o"* and o'*, make significant contributions 
to the wavefunctions of several excited states of H 2 CO, and have been suggested to 
cause some odd features in the Rydberg spectmm [7,14]. States involving o'** and o'* 
will likely show considerable vibrational activity, with the CH stretching, HCH bending 
and CO stretching all being potentially active. Please note that in a valence-only basis 
set, o"* corresponds to 6al» and above), while in the literature the 

ordering is generally reversed. 

From the above descriptions, one recognizes easily that states involving the 
carbonyl based a, n, n, 0co*» MOs can lead to similarities between spectra of 

different ketones; whereas states involving c”, g \ a*** and <j'* should give rise to 
substantial differences in the spectra because these MC)s depend more strongly on the 
nature of the substituents attached to the carbonyl group. The possible influence of 
valence states on the Rydberg spectra implicating some of the above orbitals will now be 
examined. 
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2.2. INTERACTIONS OF VALENCE STATES WITH THE iwRYDBERG SERIES 

Valence-Rydberg mixing can occur at the MO level and at the Cl level [1]. For 
formaldehyde, there has been a strong emphasis on the lack ofvalence-Rydberg mixing 
at the molecular orbital level. For example, the n* MO in H 2 CO clearly does not mix 
with Rydberg MC^ as is found to be the case for the MO in ethylene. This is easily 
shown from the value of<r^ for n* in H 2 CO, which is as low (i.e. compact) as that of 
any other valence MO [15,16]. Consequently, most anomalous Rydberg band features of 
formaldehyde are interpreted in the literature as arising from core effects. However, core 
penetration effects explain very few of these unusual energetical features and virtually 
none of the intensity problems encountered in the Rydberg spectrum of formaldehyde. 

Until recently, few studies had considered valence-Rydberg interaction at the Cl 
level, i.e., arising from curve crossing effects. Valence-Rydberg interactions at the Cl 
level are usually dismissed as being too weak to significantly affect the properties of the 
Rydberg states, except near crossings. Recent ab initio studies show that many such 
crossings occur around the Franck-Condon region; thus a proper account of the spectrum 
ofH 2 CO needs serious considerations ofvalence-Rydberg interactions. 

Figure 1 sketches Rco potential curves for some interesting valence states of 
H 2 CO, keeping the molecule planar and fixing Rch at ground state equilibrium values 
of 2.0794 a^,and / HCH at 116.3® [17]. The n,3s Rydberg and the ground state of 
H2CO“^ (X% 2 ) are shown as dotted curves. The three lowest valence states, (n,K*) 
and («,«•), well below the first Rydberg state, n,3s, and thus do not affect their 
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Structure. All other valence states, however, lie above n,3s and are well embedded in the 
Rydberg manifold. 

In the energy range of the n, Rydberg states, between 1*62 (n,3s> and X^B 2 of 
H 2 C 0 "^, both flong dash) and a, it* {short dash) are seen to drop steeply toward 
their minima at longer Rco distances. Between the vibrational turning points for v" = 0 
of the GS (2.197-2.390 ao), i.e., in the Frank Condon region, ojt* and 7 t,n* are stabilized 
by at least 1.3 and 1.7 eV, respectively. Thus, the ando.n* potentials cross most of 
the n- 4 nRydberg states lying between 10.88 (X^B 2 ) and -9 eV (n,3d) in their Franck- 
Condon region. We have shown that n,n* crosses the n-series above n,4d at distance 
shorter than their Re(CO), and below n,4d at (fistances larger than their respective Re. 
For example, at 2.5 a^, 7 t,n* has an avoided crossing with the right side of the n,3py 
potential. 

Calculated vibronic transition energies and oscillator strengths for the CO 
stretching (V 2 ) mode [ 8 ], derived from our adiabatic potentials, are given in Table 1. In 
arriving at the results in Table 1, the CO stretching mode was treated as a simple 
diatomic, which is justified by the expectation that only small anharmonicity terms 
couple the vi (CO stretch) mode to the other modes (as is the case for the ground state 
[17]) and by the fact that the hydrogens are so Ught that the C — O motion captures the 
essence of the V 2 mode. 

Due to C 2 v symmetry constraints, the lower n,3s and n,3pi states cannot interact 
with 7 i,n*. The n,3py origin is also free from immediate interactions with rt,ii*and shows 
good agreement with observations, but according to Table 1 its 2 ^ vibrational band, 
observed at 8.32 eV, is strongly influenced by the 2j level of 7 i,n*. The next three peaks 
at 8 . 88 , 9.03 and 9.18 eV were formerly assigned as a vibronic progression ofn,3d 
[18,19]; however we re-assigned them to transitions resulting from the avoided crossing 
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TABLE 1 , Assignments of principal observed bands of H 2 CO between 7.09 and 9.63 
eV, based on C 0-stretch vibronic transition energies AE (in eV) and oscillator strengths 



AE 




/; 




Assignment 


Obs. 


Calc- 


Obs. 


Calc. 


d 


7.09 


7.09 


0.033 


0.005 


Ogn,3s(iB2) 


7.97 


7.94 


0.018 


0.021 


0“n.3p^(lB2) 


8.12 


7.98 


0.035 


0.035 


0gn,3py(‘Ai) 


8.32 


8.17 


5x10-3 b 


ca, 5x10-^ 


2o 7c,7t*/n3 + 2o n3Py('A])= 


8.8S 


8.64 


0.014 


0.012 


Og jr,jt»/n,3py (lAi) 


9.03 


8.90 


0.022 


0.024 


7r,5t*/n,3pj, (lA,) 


9.18 


9.13 


ca. 0.008 


0.013-0.027 


21 7c.n*/n,3py(‘Ai)+0g n,3dyj'= 


9.26 


9.27 


ca. 10 *^ h 


0.049 


Oo Jc,ff*/n3dy2 (^A|) + Oq n,4s^ 


9.63 


9.63 


0.033 


0.027 


2'c (!a,) + 0^ n,4py« 



a. Resulis for stales are unpublished. 

b. Estimated from spectrum by comparison tc nearby peaks with known oscillator strength. 

c. Nearby avoided crossings require non-Bom-Oppcnhctmer methods. 

d. Configuration having the greatest effect on (he intensity is listed first Labeling according to the 
diabatic model is also provided and assumed to underlie Che more intense valence-Rydberg feature. 
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ofn^n* with n,3py [8]. Higher peaks observed at 9.26 and 9.63 eV are attributed to 
transitions into vibrational levels of the potential well created by the avoided crossing of 
with n,3dyi. It is seen that in most cases, calculated energies and oscillator 
strengths agree well with experimental values. Without the participation of the 
relatively high oscillator strengths observed (and calculated) for the peaks at 8.88 eV 
would not be warranted. 

Calculated vertical oscillator strengths for the transitions formerly assigned to n 
-^3d (8.88 to 9.18 eV) would be too weak without the interaction (/* <0.007 [8,16, 
20]) to account for the observed values. On the other hand, the Oj Ji,ti*/n,3py vibronic 
level corresponds well to one of the more intense bands ^ 

spectrum at 8.88 eV (calculated at 8.64 eV). Thus, 7i*7t*-Rydberg interactions are 
essential in explaining the observed spectrum. 

Since diabatic models are generally preferred for Rydberg states, one needs to be 
careful to avoid possible confusion with previous literature assignments. For the bands 
observed at 9.18, 9.26 and 9.63 eV, the adiabatic assignment in Table 1 , e.g., 2^ 
ft,rt*/n,3py, is followed by the "diabatic” assignment, 0® in this example. For the 

diabatic assignment, the presence of is totally ignored and only the Rydberg 
potentials are considered. In that case, the diabatic Oo n,3dyj would have an/- value of 
'-0.005 (not in Table 1 ) which compares poorly with the / value of the former 3d origin 
at 8.88 eV =0.014). Adiabatic and diabatic models represent two extremes, neither 
of which are totally correct, and physical reality should lie somewhere in between. In the 
case of H2CO, however, the results above suggest that reality favors the adiabatic side. 

Further corroboration for the 7r,7i*-Rydberg mixing suggested in Table 1 can be 
obtained from the condensed phase spectra of H2CO, which show that the peaks at 8.88, 
8.90 and 9.18 eV persist at liquid density, indicating that these bands have substantial 
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valence character. Indeed, both the 8.90 and 9.18 eV bands had been tentatively 
attributed to the valence state in the condensed phase study [21]. However, the 
intensity of (/* *^,002) is too weak to justify this assignment, whereas the intense 

-Rydberg bands of Table 1 provide good agreement. A peak at 9.63 eV, 
corresponding to n,4py in the older literature but to n,n*/n,3dyj in Table 1, also persists a 
high pressure, which indicates that continues to interact toward higher energies. As 
indicated in the original paper, a n,4py/n,re* assignment is not to be ruled out for 9.63 eV 
as our model suffers from constraints which are particularly troublesome towards higher 
lying regions, e.g., the Bom-Oppenheimer approximation, and the inability of dealing 
with more than two states at the same time. In ^reement with the potentials shown in 
Figure 1, we feel safe in asserting that Rydberg states of formaldehyde are considerably 
affected by valence mixing with over almost the entire d— ► nRydberg energy range. 

There exists a consensus that the n->3s band system exhibits enhanced 
vibrational sub-bands due to an underlying valence state [1,19,22]. Former suggestions 
that perturbing n,3s have long been discarded since n,<Jco* lies too 

high relative to n,3s [23]. From Figure 1, n,a"*, o,k* and are seen to be the valence 
states closest to n,3s. Among these, we favor as the pertuiber since it is 
substantially stabilized by out-of-plane motion, and lies in reality much closer to n,3s 
than shown in Figure 1. The optimized minimum for is at 7.5 eV [7]. While this 

energy is still somewhat too high and the Frank-Condon overlap of with n,3s 
should be poor, this nonetheless appears to be the best candidate. Being non-planar, 
could give rise to some of the inversion doubling discussed (tentatively) in the literature 
for the n,3s band system [18,24]. The interaction between n,3s and G,n* has yet to be 
mapped out in C\ symmetry, which would allow a more definitive pronouncement of the 
possible Franck-Condon overlap. The fact that in Ci symmetry n,3s, a,n* and n^K* all 
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have minima lying on the S2 surface [4,7] should be important for the accurate 
calculation of the structure and oscillator strength of the n,3s band system, since the 
intensity is governed by the Franck-Condon overlap of the ground state, So, surface with 
the S2 surface. The significant underestimation of the n.3s oscillator strength, 0.005 calc. 
versus 0.033 obs. (Table IX is expected, since our calculations were done in Civ 
symmetry, and did not allow for mixing with the proposed valence interlcpers. Note that 
mixes with a^n* through the out-of-plane motion, so that a description of the 
valence perturbation of n,3s cannot exclude despite its higher local minimum on 
S2. 

The n,a"* state, at 8.2 eV, is ruled out for the enhanced vibrational features seen 
in n,3s, because remains planar, and at best we only get a 0.2 eV stabilization for 
the HCH angle relaxation [7]. It seems doubtful that CH relaxation could lead to an 
energy lowering down to the n,3s range. Instead, the state seems better suited to 
pKrturb Rydberg states around o,3p2. The large HCH angle calculated for n,G"* (shown 
in part in ref. [7]) could explain some of the vibrational activity [19] in n,3p^ (originally 
assigned to 3py). The first two *83 X valence transitions have calculated oscillator 
strengths of about 0.059 (n^cy"*) and 0.053 (unpublished results). These 

valence states could be generally responsible for the broad underlying continuum 
observed around the 8 eV region [18,24-26]. This broad continuum had previously been 
tentatively assigned to [25,27]. 

As one goes higher in energy, the surface area taken by valence states relative to 
Rydberg states becomes smaller, Le., the crossings are brief and quite localized with 
respect to the overall surface. Therefore the conliibulion of tt,n* and o,ti* to an S„ 
excited state (being essentially of Rydberg character) drops significantly, and Sq 
transitions are less likely to show vibrational structure due to the valence-Rydberg 




192 



interaction as n increases. This is in agreement with the observation that the higher 
members of the n->Ry<iberg series show very little of the vibrational structure exhibited 
by their lower members. Intensity effects, however, should subsist as long as the valence 
contribution is localized mainly in the Franck-Condon region. Having such a large 
transition moment, even a small contribution from should be significant because 
higher n Rydberg state intensities are expected to drop as n^. 

The generalizations made above explain several observations on the spectrum of 
H 2 CO for which no explanations have yet been proposed. The fact that band shapes 
differ significantly within the same series [2S] can be attributed to differences in 
Rydberg-valence interactions resulting from changes of the posidon where the valence 
state crosses the Rydberg states. The fact that p, d and f transitions have similar 
intensities for « > 4 [28] is consistent with being a prime intensity lender for higher 
Rydberg states of *Ai symmetry. 

In summary, two interesting points affecting photochemical and photophysical 
properdes of formaldehyde can be made: 1) The and a,n* states affect the spectrum 
of H 2 CO from the autoionization region down to the lowest Rydberg states; 2) because 
of the successive crossii^ between and the n,«Rydberg potential curves a situation 
arises where the band eneigies are governed predominantly by the Rydberg states 
whereas the intensities take significant contributions from the valence transitions. 

While the state is not accessible through one photon processes, and thus 

hard to observe, we have nevertheless shown its potendal curve. This state interacts 
strongly with in the very high energy regions. It is difficult to gauge the extent to 
which n^,rt*2 state can affect the Rydberg states; however in the thio analogue, H 2 CS, 
n^,7T*^ lies much lower, and has a possible role in photochemical processes of 
thioketones. 
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2.3 EXCITATION ENERGIES OF FORMALDEHYDE 



Calculated adiabatic transition energies will be compared with observed 
spectroscopic origin values. TTiis will be followed by a discussion of quantum defects 
which gives further insight into the accuracy of the adiabatic energies and of the 
experimental assignments. Finally, vertical excitation energies will be used to compare 
various theoretical methods currently available for calculating Rydberg states. 

2.3.1. Adiabatic Energies 

Table 2 collects the adiabatic excitation energies (Te) for 74 states of H2CO and 
for the first three ionization potentials, calculated by multireference Q calculations [5- 
7,10]. These are con^ared with some of the most accurate experimental origin (To) 
values known to us (see references within [5-7,10,25,28-29]). In many cases 
experimental assignments for Rydberg slates of H2CO are still contentious. No attempts 
at reassignments are made in Table 2; instead points of interest and controversy will be 
brought up in the text. 

Designations of mixed configurations in Table 2 refer to the composition of the 
Q wavefunction. For example, n,3d^o,7t* indicates that the minimum is due to an 
avoided crossing between n,3dxy and As seen in Sect. 2.2, and cr,n* cross 
several of the n-> Rydberg potentials with ^Ai and symmetry, respectively, in their 
Frank-Condon region. These crossings sometimes give rise to more than one local 
minimum on a given potential curve, as is the case for 2*Ai which appears twice in 



Table 2. 
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TABLE 2. Adiabatic excitation energies (in eV) for singlet and triplet slates of H^CO. * 



State 


Config. 


T« 


Exptl. ^ 
0-0 


6*Aj 


r,46i3 


lo.io* 


•1 


9'Aj 


n,5py 


9.87 >4 


10.127 


I 2 IB 2 


n,5p2 


lO.Oo* 


10.127 


7'A2 


n,5px 


10-0^' 




13'B2 


n»5dx2-y2 


10.12* 


10.246 


14>B2 


n,5dz2 


10.20 * 


I* 


lO'A] 


n,5dy2 


10.23* 


n 


5'B, 


n,5dxy 


10.26* 


H 


8 'A: 


n,5dxz 


10.35* 


n 


6lB| 


7t,3s 


9.97 


<10.7*" 


X^B2 


n,cc 


10.65 


10.8887" 


>Bi 


JC,3p2 


10.92 k 11.46 1 


'A2 


»c.3py 


11.04 •< 


11.4-9"* 


‘Ai 


jt,3p> 


ll.OTk 


H 


'Bi 


7C,3d5(2.y2 


ll.Plk 


12.2-8"* 


'A2 


JC*3dy2 


12.00 >< 


n 


'B, 


7C*3d22 


12.08 k 


n 


‘A, 


7t,3d*2 


12. Ilk 


n 


>Bi 


7t,4s 


12.15 k i2.48« 


'A2 


R,4py 


12.l8k 


12.8 P 


'Bi 


7t,4pz 


12.26 k 


n 


>Ai 


Jt,4p> 


12.34 k 




*A2 


7C,4dy2 


12.67 k 


•• 


>Bi 


;r*4d^(2.y2 


12.69 k 13.0P 


>Ai 


nAdxz 


12.72 k 


I* 


'B, 


7t,4d22 


12.72 k 


n 


■Bi 


71, 5s 


12.75 k 


13.19« 



State 


Config, 


Te 


Exptl. ^ 
0-0 


i>Ai 


...,n2 


o,oo 


0,000 


I'A 2 


n,n- <A") 


3.50 


3.495 


1^82 


n,3s 


7 .O 0 


7.090 


1>B] 


(A') 


7-59 


«S.679c 


2'B2 


n,3pz 


7.90 


7.983 


2'Ai 


n,3p/ 


7.89 


8.130 <* 


2lA| 


7t,7t*/n2 


7.9s 


e 


3>Ai 


n,;t*/n,3py 


8.64 


8.879 f 


2'A2 


n.3px 


8.15 


8.374 


4‘A] 


n,3dyt/n,n* 


9.03 


— 


3'B2 


n,3dx2-y2 


9.06 


— 


4'B2 


n,3dz2 


9.12 


— 


3>A2 


n,3dxz 


9.17 


9.2208 


5'B2 


n,4s 


9.26* 


9.264 


2'Bi 


n,3dsy/(?,7C* 


9.30 


— 


6'B2 


n,4pz 


9.47* 


9.584 


5'Ai 


n,4py 


9.4l • 


9.631 


41 A2 


n,4px 


9.67* 


*-9,61 


6*Ai 


n,4dyz 


9.78* 


9.846 


71 B 2 


n,4dx2.y2 


9.80* 


n 


8‘B2 


n»5s 


9.87* 


9.970 


9 IB 2 


n,4dz2 


9.89 ‘ 


9.846 


5'A2 


n,4dxz 


9.91 * 


n 


31 BI 


n,4dxy 


9.94* 


■ 


71 A 1 


n»4fy3 


9.98* 


10.01 


10'B2 


n,4fz3 


9.99* 


n 


11'B2 


n,4fz(x2-y2) 


10.02* 


■ 


8‘Ai 


n,4^(x2.z2) 


10-03* 


n 


4>Bi 


n,4fxyz 


10.03* 


M 
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TABLE 2. Adiabatic excitation ene^es (in eV) for singlet and triplet stales of H 2 CO.^ 



(continued) 



Stale 


Config. 


Exptl.^ 

0-0 


>A2 


7t,5py 


12 . 83 k 134P 


IB, 


n,5pz 


I2.88k ' 


‘A, 


«,5pK 


12.92 k " 


12B] 


7C,CO 


13.82 14.1024" 


12Ai 




15.77 15.8375" 


Triolets 


l^A, 


71,71* (AO 


4.43 4.56 


Pa: 


n,n* (A") 


3.22 3.124 




n,3s 


6.89 6.827 


Pb, 


O.TT* (AO 


7.15 — 



State 


Config. 


Te 


Expil. b 
0-0 


23B2 


n.3pz 


7.83 


7.790 


23a, 


n.3py 


7.89 


7.955 


23A2 


n,3px 


8.44 


— 


CD 


n.3dz2 


9.01 


— 


33 B 2 


n,3dx2.y2 


9.17 


— 


33A| 


D,3dyz 


9.U 


— 


PB, 


<j,7t*yn,3dxy 


9.36 


— 


33A2 


n,3dxz 


9.39 


— 


43Bi 


71,3s 


9.76 k 


— 


43Bi 


jt,3pz 


10.40 k 


— 


43A| 


ff,3px 


11 . 14 k 


— 


43A2 


o’,7C* 


9.86 


— 



a. Adiabatic T© values from full and partial oplunizations are taken from MRDCI calculations [5-7). 

b. Unless indicated otherwise, experimental data from analysis of optical spectra [28] (sec sec also 
references within [5-7,10]). 

c. 1116 lowest observed peak in the broad a-»n* band system is given as an upper bound of the origin. 

d. The ordering of the 3pi and 3py states is interchanged with respect to original ordering [5,16]. A 
similar ordering is su^sted h^ for higher np and for the triplets states. 

e. This second minimum on the 2iAi surface corresponds to the highly sought tt.n* origin [4-5,8]. 
f Used to be assigned to n,3d but has recently been reassigned to n,n*/n.3py [8] 

g. Electron impact data [25]. 

h. Optical assignment [29] ofthe n,3px band (0-0 estimated at 8.40 eV) is contentious [25] 

i Vertical excitation energies are given for the singlet n/iRydbcrg scries with n =4 and 5, and some of 
the n =3 triplet stales. ’This is justified since the vertical ionization potential (IP) leading to the X^B ^ 
state differs by only O.Oi eV from the adiabatic IP [7], 
j • Apparently loo bw because n,5s is calculated to lie at the same energy, 
k. Adiabatic transition energies estimated by adjusting AEy^ by the adi^atic stabilization energy of 
0.69 eV calculated for the parent l^Bi(«,®) ionic core [10]. 

L Reference [12) 

ra. Electron impact of vertical peak max. [16] should be ^ut 0,45 eV above its origin (sec text), 
n. IP obtained from high resolution photoclectron spectrum with effective rolationa] cooling [31]. 

0 . Not observed directly. Using revi^ v’ numbering [6] of the experimental vibrational data and 
extrapolating from a polynomial fit gives an estimated origin of 4.53 eV. 

P' Highly tenlatilive assignments based on Rydberg formula (see text). 
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The root mean square (r.m.s.) deviation between calculated and 59 
experimentally reported values is 0.33 eV. However, by considering only valence and n 
—^Rydberg transitions — the 36 best characterized states — a r.m.s. deviation of better 
than 0.14 eV, with a max. deviation of 0.26 eV (for n-45py), is found. In contrast, the 
energies of the n->Rydberg states show a r.m.s. deviation of 0.45 eV with a max. 
deviation of 0.73 eV (for«->4dy2). The energies of the three lowest ionization potentials 
[10] lead to a r.m.s. deviation of 0.22 eV and a max. deviation of 0.28 eV for l^Bi. 

It should be pointed out that the calculated energies of 38 out of 50 Rydberg 
states are underestimated, and that all calculated IPs are also too low. This general trend 
towards underestimation of the energy of IPs and Rydberg states is expected. It is 
difficult to treat correlation effects equally well for different states using finite size 
secular equations and basis sets. As a rule, ionic species are better correlated compared 
to their neutral counterparts, resulting in an overall underestimation of the P (as seen in 
Table 2). Since, as n increases, the core of a Rydberg state resembles more closely the 
corresponding cation, higher Rydberg states should eventually show a similar energy 
underestimation. The fact that the energies of 12 out of 50 Rydbeig states are slightly 
overestimated is somewhat surprising, but the deviations are within the error of the 
calculation. 

The asymmetric field of the molecular core induces splitting of the p, d and f 
Rydberg states into their different symmetry con^nents. For formaldehyde, this 
ordering is difficult to establish experimentally due to a general lack of rotational 
resolution in the Rydberg spectrum. High level ab initio energy results are useful in 
settling the state ordering of these different components only if the energy splitting one 
is trying to determine is greater than the error boundaries inherent in the method used. 
Unfortunately, this is not always the case for the calculated energies in Table 2. In cases 
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of ambiguity, one can supplement the energy information with some other calculated 
properties, such as intensity, to decide which state corresponds to a given peak in the 
spectrum. 

For example, calculated adiabatic energies suggest that n,3py hes below n,3pz, 
but only by 0.0! eV. Interestingly, calculated vertical excitation energies [5] suggest the 
reverse ordering, as do the partially optimized values in Table 1. It is clear that 
calculated energies cannot be used to establish the ordering of n,3py and n,3pi in this 
case. However, the calculated oscillator strengths firmly establish that 3pz lies below 3py 
[16], since n-^Sp^ (/J,bs “ 0-021) and n-^3py • 0.035) correspond to the observed/- 
values of 0.018 Qower peak) and 0.035 (higher peak), respectively. This is opposite to 
the ordering given in earher literature, which was based on energies calculated by 
Peyerimhoff et ai. [30], and on the fact that DiCO exhibits what looks like an A*type 
rotational envelope for the lower band [19]. Since n,3px is calculated to lie at least 0.25 
eV above 3py and 3pj, it can be safely placed above the other 3p states. Because the field 
of the ionic core remains essentially the same for a given Rydberg series, the energy 
ordering z < y < x can also be established for the components of the higher n— 
Rydberg states. 

The Tc of n,4py is calculated to lie below the Te of n,4p2, as was the case for 3p. 
As mentioned earlier (Sect. 2.2), the observed peak at 9.63 eV should be ascribed to 2 q 
n,Ji*/n3dy2 (Table 1); however this assignment is somewhat simphstic in that we omitted 
the nearby n,4py potentials in our modeling [8]. In fact, more correctly, the vibronic 
level bound by the n,n*/n,4py potential well should also have been considered in this 
energy region, and there can be no doubt that substantial intensity would be gained from 
KyK*. The significant valence character of the 9.63 eV band seems corroborated by the 
persistence of this band in condensed media, and an assignment of this band to the 
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vibronic origin of ;c,n*/n4py seems well justified. A much larger oscillator strength is 
thus anticipated for the so<alled ■n-^4py" state than for n-^4pj, due to its adiabatic 
interactions withn^n*. Consequently, n->4py is best assigned to the abnormally intense 
higher band at 9.631 eV rather than to the weaker and lower 9.584 eV band, which is 
consistent with the ordering established for the 3p Rydberg states. As one goes toward 
higher n, the core splitting effect quickly loses strength and the different components 
merge into one series. Experimentally, no splitting is resolved for any bands higher than 
n-Mp. 

For higher n values, the energy differences between different / values (s, p, d, ... 
etc.) also become smaller and soon reach the error in the calculation. Unfortunately, the 
calculated energy for n,5py coincides with that for n,5s at 9.87 eV. It is possible that 
some valence-Rydberg perturbations cause this accidental degeneracy, although it could 
also result from the normal errors in the calculations. 

The n-^ndx2-y2 (B 2 ) has been assigned up to « = 12 [19]. Of the other 
components ofd, only n, 3 dj 2 was assigned [25]. As outlined in Section 2.2, we disagree 
with the assignment of the 8.88 eV peak to the n->3d^2-y2 <^rigui, and associate it instead 
with 7 t,rr*/n, 3 py (Table 1). Further, the main d-series is proposed to be of Aj, 
corresponding to n, 3 dy 2 , rather than Bi symmetry. The oscillator strei^ths calculated for 
^82 (n “► 3 dj 2 ) and {n -^3dx2.y2) are in the order of 0.(X)1 and 0.006 [8,16,20], 
respectively, whereas the so-called "3d" bands show an overall / value greater than 
0.053. As shown in Section 2.2, n, re* -Rydberg mixing is essential for getting intensities 
this high. 

Collectively, the calculated adiabatic energies of all components of n,3d are 
found within a 0.14 eV energy range. Such a small core splitting is in accord with 
expectations for weakly-core penetrating d orbitals. The good energy agreement between 
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calculated and electron impact values for 3*A2 (n.3du) provides further corroboration 
for the accurate prediction of the 3d Rydberg states. We propose, tentatively, an ordering 
ofyz < X -y <z < xy <xz for the d-Rydberg components. Note that the labeling of x - 
y^ and is to a large degree a matter of preference because the MOs correspond only 
roughly to the atomic densiQ' picture, and the assignment is thus somewhat subjective. 
Calculated energies for the n,4d and n,5d Rydberg states djpptdi to agree reasonably well 
with the observed bands at 9.846 and 10.246 eV, where all components are assun^ lo 
have merged. The 7i,n*-Rydberg interaction is expected to continue lending intensity to 
higher members of the n,ndy 2 series, so that an n,»dyj/jc,n* labeling should be more 
appropriate for these stales. 

The calculated splitting for the n,4f components is too small to suggest any 
particular ordering. It is lo be noted that the energy agreement of all components of n,4f 
with the 10.01 eV peak is excellent. 

The n,3s, n,4s and n,5s Rydberg slates are also in good agreement with literature 
values. Some more discussion of the f and s series will follow in the next Section. 

The 0.45 eV average underestimation of the energy calculated for n->«Rydberg 
stales is surprisingly large when one considers that the corresponding IP for co 
(l^Bi) is only underestimated by 0.28 eV. The apparent deficiencies in the n*->flRydberg 
calculations wUl now be examined. The peak at 10.7 eV, observed by electron impact 
spectroscopy, was assigned to «— >3s on the basis of its agreement with a GVB-CI 
calculated vertical excitation energy of 10.73 eV [16], which also ^rees with our 
vertical excitation energy of 10.66 eV [5]. However, we question this assignment. 

It is believed that the state is not observed optically due to perturbations 
arising from multiple avoided crossings with n,4d, 4f, 5d, ...states [5]. These 
perturbations are independent of the experimental technique used, including electron 
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impact techniques. Even if the 10.7 eV peak does belong to the n,3s system, it cannot 
represent the re, 3 s origin since vertical excitation energies concur with band maxima. 
The band maximum is expected to lie 0.45 eV above the cdgin, as is deduced from the 
related re -►4p transition which is unambiguously assigned to a long progression, having 
an adiabatic stabilization of 0.4538 eV (i.e.y difference between the max. of 2oUnd its 
origin [31]). Frank-Condon analysis ofMRQ potential curves corroborate this long 
vibrational progression [10]. Using the average quantum defect of 1.10 for the well 
resolved re-»res band systems for n = 4 to 6 [12] gives a best estimate for the re-^3s 
origin of 10.3 eV, which is only about 0.3 eV higher than our calculated origin (and not 
0.7 eV as suggested in Table 1). 

In a high-resolution photoionization study by Guyon et al. [12], the n-* 
3p,4s,5s,6s,7s bands have been assigned. "Experimental" band energies for the re-> 4p, 
5p, 3-6d bands have tentatively been assigned by Weiss et al. [24] based on the Rydberg 
formula prediction. These estimates can be reproduced using quantum defects of 1.0, 0.8 
and 0.4 for s, p and d, respectively, and an IP of 14.10 eV (best value available at the 
time). The agreement of our calculated energies with the estimates of Weiss et al. [24] is 
slightly poorer than for the well determined values of Guyon et al. [12]. 

It is worth noting that the adiabatic energy of 2*Ai (re,re*/n^) corresponds to the 
highly sought origin of the re-^re* transition. Because the 04) band of the 2*A|^X 
transition has a calculated Frank-Condon factor of 1.2x10^ and a vibronic oscillator 
strength of 2.4xJ0"^, it is no wonder that the origin of re, re* has not been identified 
spectrally [8]. We believe that the best strategy towards observing this state is through 
hot bands of the ground state, which have much better overlap with the re,re*/n^ origin. 

The assignment of a long low-intensity progression between 8.679 eV and 9.2 eV 
to o,7t* has yet to be confirmed. Vertical excitation energies to <j,n* are calculated to lie 
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between 9.1 to 9.97 eV depending oo the method used [5,20,32-33], and a long CO 
progression is expected due to its equilibrium at a longer CO distance (see Figure 1). In 
view of our earlier assignment of a,rt* as the major perturbing state of the n->3s 
Rydberg system, one can question if these two apparently independent systems both 
depend on Arguments can be made for both assignments, and the two are not 
necessarily incompatible, but this question remains at present unresolved. 

2.3.2. Quanium defecis 

Characterization of Rydberg series relies predominantly on fitting energies of 
observed peaks to the Rydberg formula. To be accurate, this fit requires an essendaliy 
constant quantum defect to be obtained for each / quantum number (assuming a 
relatively unperturbed series). In addition, at least one member of the series (usually the 
first) needs to be unambiguously characterized. As we saw in the previous Section, for 
formaldehyde, identification of the first member has been based primarily on ab initio 
calculations. 

Table 3 gives quantum defects calculated by us for three sets of experimentally 
assigned Rydberg states, using experimental energies given by Mentall et al. [18], 
Drury-Lessard (D.-L.) et al. [34] and by Brint et al. [28]. For uniformity, the ionization 
potential of 10.8887 eV, obtained from a recent high-resolution photoelectron study 
(with effective rotational cooling) was chosen [31]. Please note that Brint and D.-L. used 
slightly different IP values of 10.8848 eV and 10.8683 eV, respectively, in calculating 
their quantum defects, accounting for some of the differences between their and our 8 
values. The energies given by Brint appear to have the highest accuracy, and thus the 
quantum defects based on their numbers will be used as reference. It should be noted that 
deviations of up to 41 1 cra*^ (for n,5s) exist among reported energies in the three quoted 
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studies. It is not always clear if each study refers to the same peaks in establishing their 
assignments, or if another nearby peak is chosen instead. The average absolute deviation 
of the two older works with respect to Brinfs is 140, 50, 43 and 56 cm** for the s, p, d 
and f series, respectively. Comparing the two older studies to one another gives a 
slightly better overaU agreement of 59 for the s-series, 44 for the p-series, and 15 cm** 
for the d“Series. 

Table 3 reveals some unexpected peculiarities. These are: 1) an abnormally short 
series given its fairly intense first member; 2) a substantial increase in 5 for Brint's 
p-series, going from 0.78 for 3p to 0.95 for 12p; 3) the 5 values for the rotationally 
resolved f^series of D.-L. also grow (unexplainably) from 0.042 for 4fto 0.777 for 12f, 
in sharp contrast to the more normal behavior for Brinfs data; 4) the 3d-series shows 
abrupt increases in quantum defects for lid and 12d. It should also be remembered that 
this series is based on the wrong origin as was mentioned earlier; and 5) assignment of 
the peaks at 10.325 and 10.502 eV to 6s and 7s by Mental but to 5f and 6f according to 
Brint and D.-L. 

The use of an IP of 10.8848 eV versus 10.8887 eV gives a more constant set of 
5*$ for the p-series when using the reported absorption fiequencies of Brint. This diows 
that calculated quantum defects for higher n Rydberg members are sensitive to even the 
slightest changes in IP, as can be easily verified. While this could cause one to question 
the newer P value (10.8887 eV), the accuracy of P's determined by the Rydberg 
formula is not always trustworthy [1]. The strong increase in 5 for the f-series, based on 
D.-L.'s energies, is in contradiction to the nearly constant 6 reported by D.-L., and 
cannot be explained by the use of slightly different Ps. Even when using the same P 
and energy values as reportedly used by D.-L., their published quantum defects could 
unfortunately not be reproduced. To sum up, some of the assignments of the higher 
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TABLE 3. Quantum defects calcuJated from observed peaks for singlet states of H 2 CO; 
average values and standard deviations. ^ 



Series 


Mental] 

[18] 


D-L 

[341 


Brint 

[28] 




Series 


Mental 1 
fl81 


D-L 

[34] 


Brint 

[281 


n^3s 


1.107 


U08 


1.107 




n^3d 


0.398 


0399 


0.395 


4s 


U22 


1-109 


1.106 




4d 


0.402 


0.395 


0.388 


5s 


1.041 


1.128 


1.153 




5d 


0.366 


0.374 


0.398 


6s 


1.029 


(50“ 


(50 “ 




6d 


0.377 


0.381 


0.408 


7s 


1.028 


(60 “ 


(60“ 




7d 


— 


0.320 


0,325 


avg. 


1.065 


1.115 


1.122 




8d 


— 


— 


0-381 


s(d- dev. 


+ 041 


±.009 


±.022 




9d 


— 


— 


0.352 












lOd 


— 


— 


0.366 




0.842 


0.841 


0.836 




Ild 


— 


— 


1.296* 


4pz^ 


0.771 


0.774 


0.769 




12d 







1.327 « 


avg.d 


0.762 


0.821 


0.843 




avg. 


0.386 


0,374 


0.377* 


Sid. dev. 


±.045 


±.077 


+.056 




std. dev. 


±.045 


±.077 


+.026 


n-^3py ^ 


0.782 


0.779 


0.779 












4p>" 


0JL7 


0.716 


0.711 




n-^4f 




0-042 f 


0.075 


5p 


0.751 


0-750 


0.772 




5f 


(6s) “ 


0.130 


0.088 


6p 


0.716 


0.768 


0.782 




6f 


(7s) “ 


0.163 


0.070 


7p 


0.728 


0.811 


0.832 




7f 




0.247 


0.076 


8p 




0.834 


0.846 




8f 




0.190 


0.073 


9p 




0.716 


0.S70 




9f 




0.375 


0.18$ 


lOp 




0.938 


0.869 




lOf 




0.394 




lip 




0.954 


0.902 




Ilf 




0.598 




12p 






0.953 




12f 




0.777 




avg. 


0.758 


0.807 


0.832 




avg. 




0.324 


0.095 


std. dev. 


+.042 


±.083 


+.068 




-Std. dev. 




±-225 


±.042 



a. In all cases, & is calculated using to the recent P of 10.88S7 eV [31], 

b. Tbe corresponing bands were assigned to different series as indicated in parentheses. 

c. Note; py and pi are interchanged in the older literature. 

d. Averse includes «p values for n >5 since the npy and npz series are assumed to merge into one. 
c. 1 Id and 1 2d clearly do not fit this seiies;lherefore they are not included in the average 6 value. 

f. Note that the quantum defects for the f-series given by D.-L are not reproducible. 
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members of the Rydberg series for formaldehyde cannot yel be considered definite. 
Therefore, the fact that a series can be followed to high n does not necessarily support 
the assignments of the lower n members. This calls for more experimental and 
theoretical corroboration of the nature of the observed Rydberg bands ofl^CO. 

Quantum defects obtained from the calculated Te values of Sect. 2.3.1, and using 
the experimental IP of 10.8887 eV, are presented in Table 4. Because of the typical 
energy error of 0.2 eV generally associated with these MRCI energies, quantum defects 
are rarely evaluated from theoretical values even if of a high level, but we suggest that 
these can nonetheless be helpful in experimental assignments. Numerically, a ±0.2 eV 
energy error at 7, 8, 9 and 10 eV results in 5-errors of ±0.05, ±0.06, ±0.15 and ±0.45, 
respectively. Table 4 shows that for a given series, the deviations in quantum defects are 
well within the expected error. In the following, the sensitivity (or lack thereof) of the 
Rydberg formula will be demonstrated by using the "theoretical" quantum defects. 

Transition energies for n —►Rydberg states, presented in Table 5, were evaluated 
using the Rydberg formula with the calculated quantum defects of Table 4, and the 
experimental IP of 10.8887 eV. In detail, the quantum defects for the lowest n are used 
(5s * M29, 6p(y) “ 0.870, 5p(2) * 0.866, 6^(yz) * 0.294, and average 5f- 0.02783 for 
4f) because these are expected to be more accurate than 5's for higher n‘s. The transition 
energies in Table 5 are ass^ned to the nearest observed peak, using the Brint et at. [28] 
values, irrespective of literature assignments. The energy difference (calc. * obs.) with 
the experimental peak is given in meV along with the experimental assignment 
previously associated with the band. 

Table 5 shows that the "theoretical" quantum defects give transition energies that 
are in good agreement with experiment. While deviations for low n are in the order of 
240 meV (1940 cm*^), in general the deviations are only slightly higher than those 
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TABLE 4. Quantum defects obtained for calculated MRCI adiabatic energies, using IP= 
10.8887 eVA 

^ 

n-^3s 1.129 

n->4s I.H 

n->5s 1.35 



b 


X 


y 


2 


n->3p 


0.771 


0-870 


0.866 


n->4p 


0.66 


0.97 


0.90 


n— >5p 


0.89 


1.35 


0.09 



5 






xz 


yz 


xy 


n— »3d 


0.226 




0.186 


0.294 


0.074 


n-^4d 


0.31 




0.27 


0,497 


0.21 


n-^5d 


0-56 


0-79 


•0-03 


0 455 


0-35 


8 


2^ 




y* 


2(xZ-y^} 


y(x^-z^)^ xyz^ 


n-^4f 


0.109 


-0.153 


0.131 


0.042 


0.019 0.019 



a. High resolution photocleciron IP (3 1 ] . 

b. The remaining f state component was not calculated. 
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TABLE 5. Calculated transition energies (eV) using 5- values obtained from calculated 
rt * 3 energies (from Table 4), and their deviations (calc.*obs.» in meV) from the closest 
experimentally observed peak A 



Calc. 

n-> 


Energy 

rrp(z) 


calc.-obs. 

b 


Energy 

'yp(y) 


calc.<fbs. 

b 


3p 


7.9C1 


.82 (3p3> 


7.S90 


-241(3py) 


4p 


9.503 


-82{4p^) 


9.500 


-131(4p^) 


5p 


10.093 


-35 (5p) 


10.091 


•36 (5p) 


6p 


10.373 


-17 (6p) 


10.372 


.17 (6p) 


^p 


10.527 


-4(7p) 


10.527 


-4(7p) 


8p 


10.621 


•1 (8p) 


10.621 


-2 (8p) 


9P 


10.683 


0(9p) 


10.683 


0(9p) 


LOp 


10.726 


O(lOp) 


10.725 


O(lOp) 


lip 


10.756 


1 (lip) 


10.756 


l(llp) 


12p 


10.779 


2(12p) 


10.779 


2{12p> 



Calc. 

n-h 


Energy 

ns 


calc-*obs. 

b 


3s 


7.002 


m 


4s 


9,238 


WSM 


5s 


9.981 


1 1 (5s) 


6s 


10.315 


■ 10(50 


78 


10.494 


-8 (60 


8s 


10-601 


-4(70 


9s 


10.669 


-3 (80 


lOs 


10-716 


2(90 



Calc. 

n-^ 


Energy calc.-obs. 
nd(yz) b 


Energy 

nd(xy) 


calc.-obs. 


3d 


9.031 


3 ^ 


9.300 


— 


4d 


9.898 


52 (4d) 


10.006 


— 


5d 


10,274 


28 (5d) 


10.328 


— 


6d 


10.471 


17 (6d) 


10.501 




7d 


10.586 


3(7d) 


10.605 


— 


8d 


10.660 


5(8d) 


10.672 


— 


9d 


10-709 


2(9d) 


10.718 


— 


lOd 


10.744 


2(10d) 


10.751 


— 


lid 


10.770 


1 (12d) 


10.775 


— 



Calc. 


Energy 
nf(avg,) f 


caJc.obs. 

b 


4f 


10.026 


21(40 


5f 


10.338 


13(50 


6f 




5(60 


7f 


10.609 


4(70 


8f 


10.657 


2(80 


9f 


10.720 


6(90 



a. In all cases, 5 is calculated using the recent high accuracy IP of 10.S8S7 eV (31). 

b. Observed peaks are from Brim et af's (2S] work with their assignment in parentheses. Energy 
proximity is the sole criierion for the comparison, which is not intended as a reassignment. 

c. Energy compared to 9.03 cV peak which is subject to severe n,n** Rydberg perturbations, 
f. Average quantum defect 5 * 0.02783 from Table 4 for the f-series. 
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obtained from "experimental” quantum defects. Furthermore, the deviations decrease to 
very small values for the higher n Rydberg states. It is fair to say that quantum defects 
obtained from observed energies are not constant and that variations of at least 0.05 are 
typical. Such variations give energy changes of ±0.19 eV, ±0.14 eV and ±0.08 eVfor the 
3s, 3p and 4f states using typical experimental 8 values ( 8 g * 1.107, 5p • 0.779, 84 » 
0.395, and 8 f * 0.075) for H 2 CO. In contrast, for rt * 8 a change in 8 of 0.5, ten times the 
above value, leads to energy errors no bigger than those forn » 3 using a change of 0.05. 
In other words, despite the small energy deviations of 1 to 6 meV (10 to 50 cm*^) given 
in Table 5 for higher n values, unequivocal assignments of higher Rydberg states are 
difficult to make. 

For the s-series, the average deviation between predicted and observed bands is 
166 cm'^ The calculated 6s to 10s values are closest to the peaks previously assigned to 
5f-9f [28,34]. To a certain point, it seems reasonable that the series disappears the 
quickest among the Rydberg series in formaldehyde since, being of B 2 symmetry, it is 
not efficient at borrowing intensity directly from Intensities for Rydberg states can 

be estimated by assuming an atomic-like intensity proportional to For example, the 
intensity of n-^7s should drop to 8% of n-^3s, According to our calculated/ value for n 
•^3s of 0.005 (Table 1), n->7s would then have an osciDator strength in the order of 
O.OOCM, which while small is still observable. There is no compelling reason to believe 
that molecular Rydberg states follow atomic-like intensity behavior; however there is 
also no reason to expect the intensity to decrease faster than predicted above. 

For the p-series the average energy deviation is 216 cm** for 
cm’* for The predicted p-scries in Table 5 match the literature assignment. The 

predominant series is n-^wpy (*A|) which can borrow intensity directly from the 
valence state, explaining its anomalously high intensities at />» 4 and above. The energy 
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perturbation associated with this valence-Rydberg interaction is not sufficiently high to 
cause significant deviations from the Rydberg formula. 

For the d-series, only the dy^ and d^y components are given in Table 5. The 
dominant series (^Aj) has the largest calculated 8 value for a *3 (8 * 0.294), 

whereas d^y has the smallest (6 » 0.074). The peaks previously assigned to the d-series 
correspond very well to dy^, despite the fact that our origin (9.03 eV) differs from that 
used in the literature (8.88 eV). Due to the large influence of the -Rydberg 
interaction in the region of 3d and higher, calling this long series (3dy2 1 2dy j) just the 

’'d-series" is an oversimplification since vibronic levels such as 2^ it,it*/n,3py appear to 
more aptly describe some of the lower members assigned of this series. From 4d to lOd, 
our values coincide with the literature assignment, whereas the calculated lid is best 
fitted to the observed 12 d [28]. The average deviation from experimental energies is 6 
meV (52 cm-^). 

The f-series is identified primarily by its sharp rotational pattern, which is 
observed in its first three members. The rest of the assigned series is based on fits to the 
Rydberg formula [28]. Values for « * 4 to 9 are listed in Table 5. While the first three 
bands are rotationally structured, it appears that their band shape and fine structure 
patterns are different from one another. A possible reason for the change in band shape 
may be the perturbing rr,7i*-Rydberg interaction for Aj states and/or the accidental 
merging of the n->ns Rydberg series with the f-series. As stated earlier, the energies of 
4f to 9f are close to those calculated for 5s to 10s, respectively. The average quantum 
defect of 0.02783 adequately reproduces this series, even though this 8 is much smaller 
than that obtained from Brim ei al.'s [28] data <6 * 0.08), 

This chapter shows that work may yet be needed to confirm the assignments 
within each Rydberg series, and that the extensive valence-Rydberg perturbations 
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suggested by us are compatible with the observation of long Rydberg series. The 
"theoretical" $ values lead to predicted absorption energies that compare very well with 
those obtained using the "experimental" 5’s. This is due in part to the numerical 
insensitivity of the Rydberg formula in the higher energy regions, and suggests that 
theoretically obtained quantum defects (calculated for lower «) can provide useful 
insights for Rydberg series in polyatomic molecules that can supplement experimental 
data. 

2.3.3. Comparison of Vertical Excitation Energies Calculated by Different Methods 

Since the spectrum of H 2 CO is extensively characterized, this molecule is often 
used as a standard to test new methods. Therefore, the large number of vertical excitation 
energy (AE) calculations for formaldehyde gives a good opportunity to compare 
different computational methods to one another. 

A sample of calculated vertical excitation energies, AE> obtained using various 
ah initio methods [5,10,16,20,32,33,35], is given in Table 6. Reported experimental 
band maxima were used for comparison. For n-4Rydberg states, the band maximum is 
identical to the band origin (see Sect 2.1) (see references in [5]). The apparent band 
maximum for the ^B\ (tc-ko) system corresponds to its 2 q vibronic transition and lies 
0.4538 eV above the origin [31]; therefore the maximum of n,3pj is taken to be the 2 q 
band at 11.90 eV, as obtained in the high resolution work of Guy on et al. [12]. Average 
absolute deviations (avg. dev.) of calculated from reported experimental values are given 
at the bottom of Table 6. 

The only truly contentious issue in Table 6 is the energy of which ranges 

from 9.19 to 10.77 eV. This is not surprising since at GS equilibrium geometry the n,n* 
valence configuration is spread over several slates (due to strong interactions with 
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TABLE 6. Comparison of vertical excitation energies (in cV) for singlet slates of 
H2C0> 



State 


Config. 


[5,10] 


(16) 


[20] 


[33] 


[35] 


[32] 








MRDCT 


OVB-CI 


CASPT2 


EOM-CC MC BMP CISMP2 


Obs. 


I'A: 




4.05 


4.09 


3.91 


3.98 


3.83 


4.58 


4.07 


1‘B2 


n,3s 


7.15 


7.16 


7.30 


6.99 


6.90 


6.85 


7.09 


2'B2 


n,3p* 


8.05 


8,08 


8.09 


7.93 


7.77 


7.66 


7.98 


2'Ai 


n.3py 


8.10 


8.09 


8.12 


7.99 


7.95 


8.47 


8-13 


2'A2 


n,3px 


8.32 


8.32 


8.32 


8.45 


8.46 


7.83 


8.37 


3‘B2 


n,3d*2.y2 


9.05 


9.17 


9.13 


9.25 


8.95 


8.96 


— 


3'Ai 


n,3dr» 


9-25 


9.23 


9.24 


10.16 


9.11 




9.18 a 


4‘Bi 


n,3d2i 


9.25 


9.05 


9.31 


9.98 


9.11 


8.46 


— 


5lB-> 


n,4s 


9.26 


— 






8.80 


8.94 


9.26 


I'Bi 


n.3dir 


9.32 


9.21 


9.23 


9.84 


9.06 




— 


3 IA 2 


n^3du 


9.34 


9.24 


9.31 




9.88 




9.22 


2'Bi 


c,n* 


9.35 




9.09 


9.33 




9.97 


— 


4‘Ai 


n,4p> 


9.41 










9.20 


9.63 


6'B2 


n,4pi 


9.47 










9.19 


9.59 


5'Ai 


5l,Tt* 


9.60 


10.77 


9.77 


9.47 


10.37 


9.19 


— 


4'A2 


n,4p. 


9.67 








10.44 




-9.61 


6'A; 


nMn 


9.78 








9.88 


8-75 


9.85 


3'Bi 


n,4<l,, 


9.94 








9-90 




9.85 


lO'B: 




10.02 










9-99 


10.01 


4 IB 1 


n,4&y. 


10.03 








8.82 




lO.Ol 


6'Bi 


n,3s 


10.66 


10.73 






10.68 


10.84 


— 


IB, 


7t,3p2 


11.61 


11.66 






11.65 


11.56 


11.90t' 


'A2 


«,3p> 


11.73 


11.78 






11.83 


IL63 


— 


'A, 


5t,3p. 


11.76 


12.00 






11.63 




— 


‘A2 




12.69 








13.01 




— 




7C,3di2.>2 


12.60 


12.70 






12.78 




— 


‘A, 




12,77 


12.58 






12.66 






avg. 


deviation 


0-08 


0.07 


0.10 


0.24 


0.42 


0.40 





a. 9. 18 «V peak caken a$ n,^d ^2 c^rigin (see Table 1). 

b. Peak maximum idemifiedas by inspection of reported experimental spectra 112,311. 
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nearby slates). Indeed, significant character is found in higher lying * Aj states near 
the IP as well as in the 5* Ai state at 9.60 eV (MR Cl). Similar difficulties in locating the 
slate are reported for acetone (see footnote in ref. [36]). 

Mullireference single and double excitation Cl [5,10], Generalized Valence Bond 
Cl (GVB-CI) [16], and Complete Active Space second order Perturbation (CASPT2) 
methods [20] generally have accuracies within 0.2 eV of the experimental valu^, with 
average deviations of 0.07 to O.IO eV. The reproducibility exhibited by these high level 
methods, which use different approaches, suggests that one can axord high confidence 
to these calculated values. The MR Ci calculations offer the most complete list of 
vertical excitation energies among these. 

Gwaltney and Bartlett [33], using the Equation of Motion Coupled Quster 
(EOM-CC) method, indicate that their calculated energies are within 0.2 eV of 
experimental values, and Table 5 shows an avg. dev. of 0.24 eV. The main difficulties 
lie in the n,3d slates, some of which are off by almost I eV compared to the previously 
described high-level methods. The splitting of 0.91 eV between n,3dj2.y2 
too large for weakly core penetrating d orbitals. While EOM-CC does not seem to be 
reliable in the more congested energy regions, its accuracy is indeed within 0.2 eV for 
lower excited states. 

Parisel and EUinger, using the Multiconfigurational/B ary centric Mailer Plesset 
(MC/BMP) method, claim to have the smallest deviation for the greatest number of 
excited stales of formaldehyde [35]. Unfortunately, their basis set did not contain 
Rydberg functions beyond n ® 3 which are needed to venture into the higher energy 
regions, and we believe that at least nine of their so-called 'previously unidentified 
stales” of formaldehyde are artifacts resulting from an incomplete basis set In Table 6, 
we list only the physically meaningful states for which the avg. dev. is 0.42 eV, 
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compared to their accuracy assessment of 0.37 eV. Another approach combining 
variation and perturbation theory (not listed in Table 6) is multireference second-order 
perturbation theory (MROPT) which gives for the five lowest excited states deviations 
of 0.49 eV using SCF MOs calculated for each state, but 0.33 eV deviations using 
improved virtual orbitals from the GS [37]. 

Single excitation Cl calculations with Mailer Plesset corrections (C1SMP2) 
performed by Hadad el al. [32] show deviations from experimental values of less than 
0.5 eV. This is supported by the 0.40 eV avg. dev. found for formaldehyde (Table 6). It 
is somewhat strange that geometries of excited states optimized with CIS-MP2 show no 
improvement over QS-HF optimizations [7]. Other methods not included in Table 6 will 
now be discussed. 

Time dependent density functional response theory is currently under 
development [38], and at the present stage gives energy deviations of 0.35 eV to 0.70 eV 
for the five lowest excited states of H 2 CO.This is to be compared to a 1.40 eV average 
deviation for time dependent Hartree Fock (TDHF) results which were also reported in 
the above study. Another approach using DFT MOs, is the (sii^le excitation) 
configuration interaction (DFT/CIS) method of Grimme et al. [39], which gives a very 
impressive 0.2 to 0.3 eV agreement with experimental values of several small molecules. 
Considering the modest computational requirements and the fact that much larger 
molecules can be treated, makes this method very promising. 

Using an atomic Hamiltonian for calculating Rydberg orbitals, and perturbing 
them with a one-electron molecular potential (omitting two-electron contributions 
entirely!) has allowed "molecular ' Rydberg states to be simulated to much higher n [40] 
than possible using conventional high level ab initio methods for molecules. Note 
however, that this simplified method cannot account for any sort of valence-Rydberg 
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mixing. The ordering of the 3p components, as given earlier, is well reproduced for 
formaldehyde, and also ^rees with the currently accepted ordering for acetaldehyde and 
acetone. However, the ordering for the d-Rydberg series in H 2 COis quite different from 
our ordering. Further, the calculated quantum defect of about 0.01-0.06 for the d-series is 
in belter agreement with the f-series than with the d-series. All this notwithstanding, the 
average deviation of 0.09 eV (700 cm*^) for Rydberg states up to = 9 is about the same 
as for the first three methods in Table 6. However, this can be txpccttd because of the 
large number of high-lying states included in the average. Higher Rydberg slates are so 
tightly packed that one necessarily finds smaller errors associated with them, and thus, 
they have a reducing effect on the average deviations. For low n such as n * 3 , energy 
deviations for formaldehyde are in the order of O.l to 0.3 eV. 



3. General relationships for the spectra of aldehyde and ketones. 

The search for a common spectral pattern in ketones can only be made in the 
region covered by the n^Rydberg series, since other series are not sufficiently well 
developed to permit comparison. For example, no well-resolved spectra are known to us 
for the n-4Rydberg series of acetaldehyde and acetone. In contrast, the n— np, and 
nd Rydberg series are fairly well characterized for many ketones. Moreover, n,Rydberg 
slates are expected to show a single prominent origin without much vibrational structure 
(Sect. 2.2) which should simplify the comparison. 



At the outset, the following (simple) generalizations can be made for n— » 
Rydberg series in aldehydes and ketones. The highest occupied molecular orbital is 
localized to a large extent on oxygen with important p contributions (Sect. 2.2). 
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Consequently, according to atomic sdection rules (A/ * ±1) we expect the and d 
series to be the strong, and the n-^p and f soles to be weak. Moreover, the intensify of 
Rydberg series, n-^nspdf.is expected to drop as rr^. Even if the overall molecular point 
group differs from C 2 v* the local C^v ^ytiiii^try of the cart»nyl functional group means 
that C2v forbidden transitions should be weak, and allowed transitions should be among 
the more intense ones. All of these statements are basic or even obvious, yet, as we saw 
earlier, the simplest of all aldehydes, formaldehyde, breaks several of these niles. 

In formaldehyde, we have ascribed most anomalies to valence-Rydberg mixing, 
mainly involving Since other ketones do not always meet the A/ * and rr^ 
expectations, it is reasonable to infer that valence-Rydberg interactions in other ketones 
could also be important. 

3.1 EXCITATION ENERGIES OF (CH3)HCO, (CH3)2CO. AND CI 2 CO VS. H 2 CO 



Table 7 shows the experimental IPs for n-^« and transition energies for low- 
lying valence and Rydberg states of phosgene, formaldehyde, actetaldehyde, and acetone 
[27-28,4143]. These four molecules are arranged in order of decreasing IP. The eneigies 
of the Rydberg series follow the shift of the IPs toward lower enei^es, i.e., they 
decrease (red shifted) from phosgene to acetone. In contrast, the and 

valence states tend to move to higher energies (blue shifted) in goii^ from H 2 CO to 
(CH3)HC0, to (CH3>2C0 (CI 2 CO makes an exception to this trend). Since valence- 
Rydberg interactions play such an important part in determining the intensity of some 
Rydberg states of H 2 CO, even small differences in the relative position of valence and 
Rydberg states are likely to have considerable impact on the Rydberg spectmm. The 




215 



TABLE 7. Adiabatic (unless stated otherwise) transition energies (in eV) for low*lying 
states of phosgene, formaldehyde, acetaldehyde, and acetone. 



State Configuration 


Energy * 










CI 2 CO 

[41]b 


H 2 CO 

[28]^ 


(CH3)HC0 

f43,46]b 


(CH3)2C0 

[44-47]l> 


Valence states 


^A2 mjc* 


— 


3.503«> 


3.75<* 


4,15'1 


*A 2 n,7t* 


4.17 


3.495 


3.631 


3.773 


Ti,n* 


— 


5.895<1 


6.40<1 


6.25d 


*Ai 


-7.56 


(9.77)« 


— 


(9.16)* 




— 


(9.47)*' 


(9.43)f 


(9-15)f 




— 


(9.19)8 


(9.07)8 


— 


a,Jt* 


— 


(9.09)« 


— 


(9.10)« 




— 


(9.33)f 


— 


(9.30)f 




— 


(9.97)8 


(10.34)8 


— 


Rydberg slates 


^B 2 n,3s 


<8.27 


7.090 


6.822 


6.357 


•B 2 n,3p* 


<8.94f> 


7.983 


7.460 


7.455 


'Ai n,3py 


_h 


8.130 


7.749 


7.407 


'Bt n,3d 


<10.02h 


9.177 


8.438 


7,717 


Ionization Potentials 


n,co 


11-56 


10.8887 


10.232 


9.701 



a. Theoretical values are giver inside parentheses where experineDtal values are not available. 

b. See rcfererKCS (herein. 

c. See references in fooUioie b) of Td>le 2. 

d. Vertical excitation energies by (rapped electron mediod [42]. 

c. Vertical AE CASPT2 [20,45). 

f. Vertical AE EOM-CC [33]. 

g. Vertical AEC1SMP2 [32]. 

h. Onsets for unresolved bands that are tentatively assigned; no individual components observed [41]. 
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locations of and *{o,k*) with respect to the Rydberg states will now be 

considered for these other ketones. 

CI 2 CO provides an interesting and unique case among the four ketones quoted, 
since the system lies between 7.6 to 8.3 eV, below the first Rydberg state which 

appears at 8.3 eV. In such a case, the *(«,«•) system can be clearly identified. 
Unfortunately, this system is not resolved, due in pait to the presence of another valence 
state, same region [41]. The Rydberg states are also different from 

those of the other ketones since the n orbital is strongly delocalized over the chlorines, 
so that the n-> Rydberg transitions appear as progressions rather than consisting of a 
simple band as is the case for H 2 CO, (CH3)HCO,and (CH3)2CO. 

For acetone, early vertical excitation energy calculations (Hess et al. [36]) place 
71, n* above the IP of 11.56 eV. In contrast, Gwaltney and Bartlett [33] calculate AE 
values of 9.15 eV and 9.33 eV (c,«*) using the EOM-CC method, showing that 
these valence states lie within the Rydberg region. This is confirmed by concurrent 
CASPT2 calculations on acetone by Merchan et al. [45], who also show R^q potential 
curves for the A\ excited states. In these, crosses the Rydberg manifold in a way 

similar to that seen for H 2 CO, having a equilibrium at around 2.8 at 7.42 eV 

[45]. This is to be compared to 2.9 and 7.95 eV for H 2 CO [7]. The situation for 
acetone is thus qualitatively very similar to that of H 2 CO with respect to having valence- 
Rydberg perturbations along R^o* Merchan et al. also attribute some unusually high 
band intensifies in the Rydberg spectrum of acetone to n,rt*Jlydberg interactions. 
Gwaltney et al. [33] and Merchan et al. [45] find that the vertical excitation energy of 
remains essentially at the same place in going from H 2 CO to (CH 3 ) 2 CO, i.e., 
about 9.1 eV using CASPT2 and 9.3 eV with EOM-CC. No R(CO) or out-of-plane 
potentials have been calculated for states of acetone. 
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The Rydberg speclnim of acetone is well characterized experimentally; however, 
quite a few fairly intense peaks remain unassigned. Further, an earlier assignment of a 
second p-series (n,p^ and n,p^) had to be retracted in view of McDiarmid etal's [47] 
identification of the origin of the 3p components. The ordering of the n,3p components 
has been established to be x < y < z [45,47]. While Merchan et ai [45] find 3py to lie 
0.05 eV below 3px» this energy splitting is too small to allow any ordering arguments. 
Expected intensities corroborate Py, and pj ordering, in that n,3px is forbidden and 
thus weaker than n,3py.Tbe intensity of the n.ns Rydberg series in acetone, which can be 
followed up to /I a 1 7. dwarfs that of the n,3p and n,3d series. Mspection of the spectrum 
shows that n,4s seems more intense than n,3s, which is a clear case of non atomic-like 
behavior. We presume that the extensive vibronic structure around the 3d to 4s region 
[44-45,47,] results from Rydberg interacdons as is the case for H 2 CO. 

Vertical excitations energies calculated by Hadad et al. [32] with CIS MP2 show 
that and of acetaldehyde lie at 9.07 and 10.34 eV, respectively. In 

contrast, EOM-CC calculations of Gwaltney et al [33] place at 9.43 eV 

(unfortunately they do not report the value). With Rqq stabilization, the CO 
potentials of both valence states are expected to cross through the n, Rydberg states in a 
way similar to that for H 2 CO and acetone. Based on a fit of the high resolution spectnim 
of acetaldehyde to the Rydberg formula, Brint et al. [43] characterize Rydbeig states up 
to n~ 13 for s, 45 for p, and 10 for d. Interestingly, the p-series which should be 
forbidden by atomic selection rules, provides instead the longest known Rydberg series 
of any polyatomic molecule according to Brint [43]. Further, predissociation resulting 
from the interaction between Rydberg and valence states is repotted to be less 
pronounced in acetaldehyde compared to H 2 CO and acetone, although one should point 
out that a similar lack of predissociation was reported for the f-series in formaldehyde. A 
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second p-series is observed which varies wildly in intensity with respect to the main 
series. For acetaldehyde only one prominent d-series is seen [43]. This is consistent with 
the dy 2 component of n/id borrowing intensity from The 4s and 4p bands of 
acetaldehyde are broader than other bands in the spectnim, which is attributed to 
interaction with an underlying dissociative valence state. With the still limited 
knowledge of the valence state positions in acetaldehyde, it is difficult to propose any 
reasonable explanation of this situation. However, using our knowledge of formaldehyde 
and acetone, it would be greatly suq)rising if the valence states etc.) did not 

play an important role in the spectrum. 



3.2 OTHER KETONES 



It was pointed out by Brint et ai [44] that cycloketones show more systematic 
trends and are more easily comparable to each other than non-cyclic aldehydes and 
ketones, like formaldehyde, acetaldehyde, and acetone. Examples are cyclohexanone and 
cycloheptanone which have similar IP's, and their valence states are expected to lie at 
very similar locations relative to the Rydberg states. The differences in spectra that 
appear in going from cyclohexanone to cyclopropanone are consistent with the influence 
of increasing angle strain on the valence state energies, along with an increase of the IP 
toward smaller ring-size. The shifts in intensity from one Rydberg series to another and 
the extensive vibronic structure associated with lower Rydberg transitions [48] are 
consistent with valence-Rydberg effects, as described for formaldehyde in Sect 2. 
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4. Photochemistry of Rydberg states 

Whereas the photochemistry of ketones is among the most thoroughly studied of 
any class of compounds, most investigations deal with chemical events associated with 
the transitions. Not much is known about the photochemistry of Rydberg states in 
ketones. The discussion that follows will contain much speculation along with well 
determined facts. It is hoped that these deliberations may stimulate more studies on the 
subject. 

Fluorescence spectroscopy yields some insight into the photochemistry of 
Rydberg states of molecules. Resonance fluorescence in H 2 CO is not o^iected to be 
significant for excited Rydberg and valence states lying in the VUV region because non- 
radiative or predissociative decay routes are much faster. This is confirmed 
experimentally by fluorescence quantum yields of formaldehyde [26]. The dissociation 
of H 2 CO into H 2 +CO and H + HCO are the dominant dissociation processes in the UV 
region since the sum of their quantum yields is almost one. Note that the higher lying 
states are not expected to photodissociate directly, but instead, as is generally 
understood, they decay ultimately from the singlet and triplet states (S|.Ti). 

Dissociative channels other than H 2 *•^0 and H + HCO are of extremely low 
probability; however, it remains interesting to propose possible routes for alternative 
channels. Knowing that the excitation weakens the CO bond considerably, and 
that its equilibrium at 7.95 eV lies above the thermodynamically determined (CH 2 ) +0 
dissociation channel (expected at 7.644 eV [4]), non-radiative decay from the 
equilibrium region into the GS could favor CH 2 + O fragmentation. Since the njpy 
Rydberg state of formaldehyde is crossed by near v*= 1, it is reasonable that 
photoabsorptions in this region could allow a wavepacket to cross over, or tunnel 
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through, to the side of the 2 * At potential, from which the H 2 CO molecule could 
then decay non-radiatively to the CH 2 + O dissociation channel of the ground state. 
While plausible energetically, this proposal suffers in that the potential energy surface 
along the other possible dissociation channels are not available. Study of the potential 
surface along the other channels could thus be highly instructive. 

As seen above, an interesting component for photochemical activity of a Rydberg 
state involves its radiationless decay dynamics in going from the Rydberg state to the 
"dissociative" valence state. The interaction of n,n* and with Rydberg states must 
lead to numerous conical intersections on the potential energy surfaces. While the 
molecules in many cases may remain trapped at the bottom of the Rydberg potential 
energy surface, the possibility of decay to the o,?i* or other local valence states are 

key to their eventual photodissociation. While it is known that most Rydberg states in 
H 2 CO are predissociated, no specific information is available about the rate at which 
these photodissociations occur. At best, one finds in the literature brief comments on 
some unusual band widths for specific bands, which can indicate an increase in 
predissociation activity. 

After photoabsorption to the systems, acetone dissociates predominantly to 
CHjCO + CH 3 , whereas excitation to the n,3s Rydberg state, at 6.357 eV, yields 
predominantly 2 CH 3 + CO in a "two step" mechanism going through an acetyl 
intermediate. It is proposed that the valence states predissociating the n, 3s ($ 2 ) Rydberg 
state are the singlet and triplet n,n* (Si^Tj) [49]. McDiarmid [50] shows that some of the 
vibrational bands of n,3s show marked influence of "mixing" with a predissociative 
valence state, confirming the earlier suggestion of Donaldson et al [49]. From Figure 1, 
we see that for H 2 CO the and ^(n, 7 i*) potentials never cross directly the n,3s 

potential, and such crossing is also not expected for acetone. Therefore, the coupling of 
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n,3s with the states is expected to be weak. According to Figure 1, (Tj) 

crosses the n,3s potential near its equilibrium. The possible role of in the 

photodissociation mechanism of n,3s does not appear to have ever been considered in 
the discussions on the photochemistry of acetone. The photochemistry of H 2 CO in the 
0,3 s energy region has not been as well studied as for acetone, but we believe that H 2 + 
CO dissociation is favored over H + HCO at such wavelengths [51]. Last, since 
is shown to interact with q,3s in H 2 CO, one would also need to consider its potential 
role in aiding the decay process of acetone (or H 2 CO). Since the state is not 

connected directly to the ground stale dissociation channels directly, it cannot be 
photodissociative with respect to the lower dissociation channels. 

We would also like to make a few comments on photoioinization. From Figure 1, 
it is clear that the potentials of and cross the first IP potential close to its 
Franck-Condon region. It is thus reasonable to assume that these valence states could 
contribute to the preionization observed by Holland et ai [52]. Branching ratios show 
that states from the neutral species are preionizing into X^B 2 at different resonant 
wavelengths. A number of a^Rydberg and ii^Rydberg slates have been considered so 
far in explaining the observed branching ratios [52], but no valence stales have yet been 
included in modeling attempts, although contributions from such states were never ruled 
out. 



5. Conclusions 

In this chapter, the Rydberg spectrum of formaldehyde was discussed at length. 
We hope to have shown convincingly that Rydberg-valence mixing is important in 
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providing a coherent picture of its spectrum. While it is generally acknowledged that 
valence and Rydberg stales do mix, the extent to which valence slates influence Rydbeig 
series had been much underestimated in the literature. The usual assumption that 
Rydberg-valence mixing is too small to worry about, does not consider the fact that 
many of the valence-Rydberg crossings occur in or near the Franck-Condon region, 
which means they cannot be neglected Our V 2 (CO-stretch) vibronic analysis of 
adiabatic potential curves gives vibronic energy levels and oscillator strengths which 
agree well with the properties of observed bands in the spectrum. Ignoring these 
interactions is clearly unjustified, and explains the severe underestimation of oscillator 
strengths for higher Rydberg states using only vertical electronic contributions (v€r.Yu.T 
vibronic). 

While our attention has focused mainly on as the perturbing valence stale 
(because its stroi^ transition moment makes it a prime intensity lender to the Rydberg 
states) it was shown that other valence states also play a significant role in explaining 
various features of the spectrum. For example, was related to the strong vibronic 
side band observed for the n,3s Rydberg state of H 2 CO, and n,a"* is believed to 
contribute to the extensive vibrational stnicfure of the band system. 

In comparing our theoretical data to experiment, we found that a root mean 
square deviation of better than 0.14 eV could be achieved for the energies of the valence 
and n->Rydberg stales; however, for the more difficult and higher lying n-^Rydberg 
series the agreement is somewhat poorer with a 0.45 rjn.s., due in part to uncertainties in 
some of the repeated experimental values. 

The splitting of the «p and nd components due to the effect of the core were 
discussed. We used osciDator strengths to resolve the energy ordering of several 
calculated bands which could not be cadered unambiguously on energy grounds alone. 
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Unfortunately, oscillator strengths were never determined experimentally for several 
weaker bands of H 2 CO. Even a crude estimate of the /-value would be immensely useful 
to allow comparison between theory and experiment. 

We spent son^ time exploring the quantum defects for the different Rydberg 
series of formaldehyde. Because of the numerical insensitivity of the Rydberg formula, it 
was suggested that a number of Rydberg assignments need to be corroborated by means 
other than fitting peaks to the Rydberg formula. The preposed valence-Rydberg 
interactions are compatible with the observed long Rydberg series, since the 
potential surface crosses the higher n Rydberg surfaces too briefly to have much effect 
on the energy, but should nonetheless continue to contribute to the intensity of the 
higher n members. It was suggested that the energies of the states for n > 5 may 

have accidentally merged with states of the f-series. 

Several theoretical methods used for calculating excited states were compared 
with each other and with experimental values. It was that shown that MRCI, CASPT2, 
and GVB-Q have an agreement with experimental energies of better than 0.2 eV for the 
n^Rydbcrg and valence states. 

The spectrum of formaldehyde was conpared to that of phosgene, acetaldehyde 
and acetone. Generally, none of these ketones follows atomic-like selecdon rules and 
trends with respect to the intensity of their Rydberg series. We believe valence-Rydberg 
interactions to be key to this deviation from atomic-like behavior and to the lack of 
spectral similarity in different carbonyl compounds. For example, Merchan et al. [45] 
find for acetone crossings between n,rc* and Rydberg states along Kqq to be similar to 
those found for formaldehyde, but the details of the crossings differ sufficiently from 
those of H 2 CO to account for significant vibronic differences. 
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Finally, photodissociatioo associated with Rydberg states was discussed We 
proposed a possible route to the 0 +CH 2 dissociation channel stalling from the n,3py 
Rydberg slate. It was pointed out that needs to be considered in examining the 

predissociation of (CH2)2^^ ^ 2 CH 3 + CO. 

While there has been much progress in the last few years in the understanding of 
the spectra of aldehydes and ketones, the field is still in its adolescence in many reqjects. 
The study of the VUV spectra of ketones continues to yield surprises and new insights 
into the spectroscopy of polyatomic molecules, and we look forward to seeing how this 
story will develop in the future. It is clear that many problems remain unresolved and/or 
need corroboration. Even though we provide explanations for many general features of 
the spectrum of formaldehyde, many details in the spectrum remain mysterious. 
Formaldehyde has been the most well studied theoretically, much less has been done for 
acetone, and almost nothing for acetaldehyde. In all cases, much better potential surfaces 
will be required, which should eventually lead to non-Bom-Oppenheimer studies, as 
well as dynamical studies. The challenges associated with characterizing the Rydberg 
series of aldehydes and ketones are ongoing. 

After the submission of this manuscript, we became aware of new absolute 
oscillator strengths determined by dipole (e,e) spectroscopy [53]. which are generally 
50% to 60% higher than previously reptwted values. The intensity of the various bands 
thus remains a controversial area. 
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1. Introduction 

We have previously reviewed (1) the area of Rydberg chemistry and the chemistry of 
Rydberg states of molecules, as well as the photochemistry of methyl amine (2). Here 
we will deal only with the photophysics and photochemistry of amines since they have 
unique properties. The spectroscopy of Rydberg states is covered comprehensively by 
Robin in his three volume work (3) on higher excited states. The term “higher"’ is 
misleading in that the lowest excited states in many simple molecules have Rydberg 
character. Moreover, in the case of some known esoteric molecules (e.g. NH 4 ) the 
ground states have Rydberg character (1). 

Amines are a general class of organic molecules derived from ammonia, NH 3 . 
The subclasses of amines consist of primary, RNH 2 , secondary, R 2 NH, and tertiary 
amines, R 3 N. The organic R groups may be alkyl or aromatics. The amine structures 
can exist in cyclic configurations. When the amine structure exists in cyclic structures 
which grant the system partially aromatic character, such as pyrrole or indole, the 
system acquires a nomenclature which differentiates these structures as being different 
from an amine. But the common feature in all structures is that the N atom has a pair of 
electrons, R 3 N:. Therefore, it is generally likely that on photoionization, one of these 
electrons is conceptually removed from the structure giving a radical cation, R 3 N*(+). 
This radical cation is the core component of an infinite number of Rydberg states, 
R 3 N •(+)(•) 3 s,3p»3d lying within several eV just below the first ionization energy. 

In poly atomics, this will produce a congestion of states. 

In spectroscopic terms, the fact that the most easily removed electron from 
alkyl amines comes from the electron pair implies that the lowest lying singlet and 
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triplet excited states of amines are likely to be n3s Rydberg in character. However, in 
the case of aromatic amines the lowest lying excited states are valence nn* in character 
and the Rydberg excited states will be at higher energies. The approximate location of 
the latter can be estimated if one knows the molecular ionization energy and uses a 
reasonable temi value (3). Since the Rydberg transitions have weaker intensities than 
most valence transitions, they may be difficult to characterize when they occur within 
the nit* absorption bands. In the best cases they are characterized as having “sharp" 
structures since the valence and Rydberg orbitals are much different in size and their 
electronic stales poorly coupled vibronically. We will show that the lowest lying 
Rydberg slate could play a role in (he photochemistry of aromatic amines generated by 
exciting the molecules at energies above their threshold of absorption in the gas phase. 

What makes the Rydberg photophysics of tertiary alkyl amines very 
exceptional is that these materials fluoresce with near unit quantum yields (4,5). 
Emission is not observed from Rydberg stales of other polyatomic molecules such as 
alkanes, alkenes, alcohols, ethers, etc.. The lack of emission from excited states can 
occur for a variety of reasons but in the case of Rydberg states implies that 
photochemical processes are occurring. Simple molecules such as methane and water 
do not fluoresce but photodecompose in a predissociative manner. We will show here 
that as in the case of ammonia, there are only very shallow wells along the RNH2 => 
RNH + H and R2NH5s>R2N + H reaction coordinates. All these systems should be 
predissociative. However, trialkyl amines show much deeper wells for C-N rupture and 
should exhibit photostability near the threshold of their adsorptions. 

Here we will concentrate on the photochemistry of alkyl amines and use aniline 
as the prototype aromatic amine structure. This latter material has extensive 
photophyscal studies, its lowest lying singlet and triplet slates have been characterized 
as being being valence nn* in character based on a perturbation by the -NH 2 substituent 
of the benzene spectrum. 

2 A Review of Computational Methodologies 

The standard molecular orbital methodology currently available, using black box 
computational programs, allows one to compute the ground state wave function and 
molecular properties using a single reference RHF parent function following by an after- 
Hartree-Fock single reference Cl or MP correlation correction of the energies (now 
usually SRCISD or SRMP2). These methodologies also permit computing geometries 
and their molecular properties. The RHF (SRSCF) methodology can not generate bond 
breaking potential energy surfaces for the ground state of filled shell systems. However, 
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generally the surface forms for bond breaking can be computed at the two configuration 
SCF (2CSCF) level, which are no different in form than a larger MCSCF level even 
when correlationally corrected (6). 

The ‘‘black box” term implies that the unsophisticated investigator will obtain 
the same results as the expert. However, MCSCF procedures can lead to faulty results 
in cases where the included virtual orbital space is poorly selected. Also, there are 
various perturbation methods and the final energies are not the same even when using 
the same MCSCF space (7). Therefore, an investigator will have no problem 
reproducing the energetics reported by others in the case of a SRMP2/SCF calculation. 
This will not occur in the case of a MRMP2/MCSCF calculation performed using a 
different program or different methods in the same program (7). Moreover, these more 
refmed methods are not size consistent meaning that super molecule MRCI or MRMP 
calculations along a fragmenting pathway will not evolve to the same energies as the 
sum of energies obtain by computing the fragments separately. 

Applying the same above procedures for excited states is subject to different 
errors. First, if the symmetry of the excited state is different than the ground state, 
ROHF and UHF open shell methods can be applied. If the excited state surface is well 
described using a single configuration, a correlation correction can be done at the 
SRCISD or SRMP2 (or higher) level. As we will show here a SRMP2 does not 
significantly affect the barrier energies for the N-H and C-N bond rupture in the n3s 
excited states of amines. Moreover, because of Rydberg orbital size, the excited singlet- 
triplet energy separation in amines is small (ca. 0.3 eV), so the surface forms of both 
the excited singlet and triplet states will resemble one another. 

If the SRSCF methods can be applied to the excited state then the parent 
orbitals can be used to constnict a same symmetry MCSCF method which in turn will 
allow a MRCISD or MRMP2 correction to be made. If symmetry is broken along some 
of the surface coordinates then higher roots of an MCSCF matrix have to be used. In 
general, if a single configuration does not dominate then MP methods have to be 
abandoned and MRCI methods used. The fortunate feature of the NH and CN excited 
state bond ruptures in amines is that they can be computed using an SRSCF methods. 
This leads to a correct initial evaluation of the surfaces of methyl amine (3) which is 
qualitatively unchanged by later more sophisticated MC methods (8). 

For the best quantitative estimate of the excitation energy one is required to do 
the best calculation possible on both the ground and excited states. The main question 
is whether one needs to do the best calculation possible to rationalize the 
photochemistry of a particular Rydberg state. Based on past work and what is presented 
here, the answer is generally no. Insight is promoted by doing the simplest calculation 
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possible which avoids being sucked into doing a technically much more complex 
calculation whose goal is to slightly improve the accuracy of the calculation. 

The final methodological problem is the choice of a basis set suitable for 
computing ground and excited state surfaces of species which will have low lying 
Rydberg states. The basis set choice will control the speed of the computation and 
whether or not some level of correlation correction can be applied with the technical 
means available. A very large basis set and MRCI (usually MRCISD) or MRMP 
(usually MRMP2) methods are required if one wishes to approach absolute bond 
energies of small polyatomic s to within 0.1 eV or about 2 kcal/mol. Otherwise the 
apparent agreement of one's calculation with an experimental value is fortuitous. The 
main question is whether one needs very accurate calculations or whether a precision of 
several tenths of an eV will be sufficient. With regard to low lying Rydberg states it is 
found that their description requires a fairly modest addition of diffuse orbital 
components. Valence excited states may be more difficult to deal with and establishing 
the relative positions of valence and Rydberg states in the same energy region more 
difficult, such in the case of olefins where the icjc* singlet state is itself partially 
Rydbergized. In this case the relative positions of the singlet njt* and ff3s slates, which 
are nearly degenerate, require exacting calculations. On the other hand, alkylamines have 
no valence excited states and the excitation energy to the n3s Rydberg state is easy to 
estimate. 

3 The Excitation Energies of NH3 and the Methyl Amines 

One popular basis set, 6«31++G**, developed to compute anions, contains diffuse basis 
set components which yield satisfactory estimates of the n3s excitation energies of 
ammonia and the methyl amines (8). TTiis is also shown in Table 1 for the triplet states 
of the amines. The recently determined position of the lowest n3s triplet state of 
methyl amine (9) is 4.9 eV, and is accurately computed in Table 1. The corresponding 
n3s singlet is at 5.2 eV, their experimental separation being 0.3 eV. Singlet and triplet 
n3s states are close to being degenerate. The problem with the di- and trimelhylamine is 
the experimental determination of the 0-0 transition in their vibration ally dense spectra 
(3,10). The n3s excited states of these materials have planar structures so the vertical 
excitations are easier to determine than the adiabatic. 

In Table 1 one can see that the HF-MP2 energies are separated by a constant 
leV. This is approximately the correlation energy of the electron pair being broken on 
excitation at this basis set level. This implies that as the system becomes larger one 
can make an estimate of the MP2 excitation energy just from the HF value. 




Table 1 Verikal and Adiabatic Exciiaiion Energies (eV) 
of die Triplet States at various Levels of Calculation 
using a 6-31++G*'* basis sei 
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4 The Excitation Energies of Aniline 

Calculations on aniline are much more of a challenge since the system is larger than 
encountered in the methyl amine systems. The computational size of a system is 
measured both in orbital and atomic nuclei terms. Both sizes play a role in determining 
the time necessary to optimize the geometry of the structure. The orbital composition 
controls the virtual space size and the time necessary for a correlation energy estimate. 
In aniline a key computational problem is estimating the energies of the lowest lying 
iwc* and Rydberg stales. However, the former are experimentally known and the results 
given in Table 1 give some confidence that the latter can be accurately calculated. This 
avoids having to do both. 

In the case of aniline, there is a considerable history with regard to the two 
lowest lying nn* singlet states. These are, respectively, related by perturbation theory 
to the two lowest lying kk* singlet states of benzene, designated as the Lb and La in 
the Platt nomenclature (11). Excitations to these states from the ground state are 
respectively polarized along the short and long axis of the molecule respectively. In 
aniline, one anticipates a 15 »> 3 s excitation, where the it oibital is mainly localized on 
the 2p orbital of the N atom, to be polarized perpendicular to the plane of the molecule. 
Since the •NH 2 group is planar in the excited state and pyramidalized in the ground 
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Slate, strict perpendicularity of the excitation polarization is not expected. 

Another feature of the nn* singlet transitions is that the ground to Lb 
intensity is weaker and at lower energies than the This creates a spectral picture of 
a weak band peaking at 290 nm with a stronger band at 234 nm (11,12). One roughly 
expects the n *> 3s excitation to near to or at lower energies than the latter band. It is 
expected to be weak and therefore masked and hidden by the stronger La transition. This 
Rydberg has only been assigned in the case of dimethylaniline (3). Since the m* and 
n3s Rydberg states are different in symmetry they will only mix under vibrational 
perturbation, in particular, out-of-plane modes. This may not be not be spectrally 
important since on excitation into the La band will be intrinsically diffuse due to 
vibronic coupling with the Lb stale. In the condensed phase this is manifested by the 
rapid non-radiative relaxation to the 0-0 region of the Lb state, from which fluorescence 
occurs. The fluorescence polarization behavior of aniline in frozen glycerol occurs all 
the way to 220 nm, showing no particular polarization anomaly attributed to other than 
that the switchover from the La to the Lb state between 240 to 300 nm (13). Iherefore, 
there is no evidence of an n3s single Rydberg state for aniline in the spectral region 
between 240-300 nm. However, (he rise in the polarization in the 220-240 region could 
be indicative of another electronic slate being present. The triplet Rydberg energies 
shown in Table 1 for aniline indicate a state around 5 eV or 230 nm, which is in 
agreement with the above analysis based on available experimental information 

The quantum yield of fluorescence of aniline is low, about 0.08 in cyclohexane 
(12), there is an apparently high quantum yield of intersystem crossing to the triplet 
state rather than photochemistry. 

Any manifestation of a lack of fluorescence in the condensed phase excitation 
into the La band could mean photochemistry is occurring from either the La state or the 
hidden Rydberg state. It could also imply that intersystem crossing into the triplet 
manifold was also dependent on the excitation energies. These competitive scenarios are 
rarely experimentally resolved in photochemical studies. In the case of indole, it is 
suggested (14) that N-H bond mpture occurs at higher excitation energies in hydrocarbon 
solvents but the solvated electron generation occurs in polar solvents. This latter route 
suggest the possibility of a Rydberg-like precursor since the Rydberg ‘‘electron'’ would 
be exterior to the van der Waals radii of the molecule and in the region of the 
surrounding solvent molecules. 

Theoretical modeling of Rydberg stales in condensed media is lacking but 
cluster calculations indicate that the Rydberg electron is well distributed in the Rydberg 
space exterior to the surrounding solvent molecules (15). b the extended solvent situat- 
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ion the electron is moving in “empty” molecular space created for it by positional 
fluctuations. This temporal situation eventually minimized the energy of the system. In 
this sense the model of an isolated molecular Rydberg state is initially nearly the same 
as a molecular cation associated with a nearby but yet not fully solvated electioaThis 
can be thought of as an evolving bubble containing an electron. In a system like NH 4 * 
in liquid ammonia the solvated electron is exegetically close to recombining with the 
cation. Tetraalkylammonium cations coexist with the solvated electron in liquid 
ammonia. (16). 

5 Orbital and State Correia tioas of Bond Breaking in Rydberg States, 
the Rydbergization Process 

For filled shell molecules, the computation of the rupture of a hypothetical bond, A-B, 
between fragments A and B can not be done using a one configuration RHF method. 
This occurs because electron pairing is imposed in the closed shell model. At infinite 
distance the electron pair remains on either fragment A or B, creating an ionic bond 
breaking. A:" + B* or A"^ + :B*. In real situations bond breaking yields radical pairs, 
A* + which can not be described using a RHF method. This homolytic cleavage can 
be described using a single configuration UHF method since separate orbitals are used 
for electrons having different spins. But the UHF method can lead to false solutions, 
especially if fragments A and B are identical, the safest procedure is to en^loy a 2CSCF 
or 3CSCF method. In the case of a single bond rupture, the a and c* orbitals are the 
active space and one of the three configurations will have two open shells which is 
guaranteed to satisfy the radical pair description of the system at large A-B distances. 
However, for homo systems. A- A (e.g. H2), the biradical limit is described by an equal 
contribution of two filled shell configurations, and 

The lowest energy sublet and triplet excited stales of filled shell molecules are 
almost always described in open shell terms. Conceptually, a single electron is 
promoted from some higher energy valence orbital into an empty low lying virtual 
orbital. Thus in the above case one can imagine an excited stale with an open shell oo* 
configuration. At large A-B distances there is certain to be a triplet state surface 
essentially degenerate with the singlet ground state surface. The singlet and triplet radical 
pairs. A' + *B, will have the same energy at large A-B separations. As the A-B 
distance becomes shorter, this triplet surface will rise in energy, being intrinsically 
repulsive since the two electrons with the same spin can not occupy the same space. In 
the case of a simple diatomic like H 2 the triplet state will progressively Rydbergize as 
the distance becomes very small, the c* orbital will transform into a 2|!^ orbital. This 
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will be achieved computationally by adding a molecule centered diffuse orbital, 2p^, to 
the basis set In the case of H2 the o* orbital can be written as ci(lSa + C2(2p^). 
at large distances C2=*0. At small distances C2 dominates the function, since the ISa -Isb 
component self-annihilates. In this manner, the a* transforms from a valence to a 
Rydberg orbital as A-B diminishes. In some intermediate region, the state is described 
in mixed valence- Rydberg terms. In the case of the lowest energy singlet state of 
ethylene, the k* MO is mixed valence and 3d Rydberg, the energy of this state can not 
be estimated from any assumed term value. 

A confusing point in this above model is that although one might think this 
analysis applies to the singlet excited states, there are several nuances. In the above 
example the first excited singlet state must correlate with the excited state of the radical 
pair, either A** + *8 or A* + unless there is some specific symmetry restriction as 
in the case of ammonia. In the case of H 2 the ground state surface will give two ground 
state H atoms, as will the lowest triplet surface. However, the first excited singlet will 
yield a ground state H atom and an excited states H atom (2s,2p). 

This Rydbergizalion process is seen when one examines the united atoms 
correlation diagrams (17). In the case of a heterodiatomic, the a* orbital will transform 
into a Rydberg s orbital. In both the homo or hetero cases, the triplet surface 
Rydbergizes because the one of the electrons “has to get out of the way" of the other 
same spin electron. In a simple diatomic like system this occurs by the enlargement of 
the orbital size of the antibonding orbital as the distance between the fragments 
decreases. However, in more complex molecules like ethylene (18) the geometry of the 
system can change and two same spin electrons can achieve separation by seekii^ other 
parts of the molecule. In the triplet recombination of the vinyl radical with an H atom, 
the lowest energy pathway will break planar symmetry so that the lowest triplet surface 
will eventually yield triplet molecular ethylene. In this latter structure the two same 
spin electrons are on different carbon atoms. Whereas singlet radical -radical 
recombination surfaces typically have no barrier, triplet recombinations usually have a 
barrier. In the case of triplet ethylene, Rydbergization will not occur along the 
optimized surface. If one imposes a planar triplet recombination of an H atom with a 
vinyl radical, the surface will yield some high lying triplet “ot*” state in which the o* 
orbital is actually 3s Rydbergized. 

Rydbergizations also occur along surfaces of radical <x singlet species. These 
are also events involving electron space congestion, typically three electrons trying to 
occupy the same physical space when only two of different spin are allowed. F<y 
example imagine an H atom approaching the ground state of helium. He: + *H . Three 
electrons are involved in this encounter. There is a very weak long distance van der 
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Waals attraction but the surface for this encounter is very repulsive al shorter distances. 
The odd electron can be viewed as being in a a* orbital which raust inflate in size and 
become 2s Rydberg in character. At very small distances this surface becomes the IZ 
state of HeH, which shows no computational minimum. After Rydbergizing IZ state 
can be described as an He:H*^c<»e with the electron is a 2s oibitial. A minimum is not 
correlationally excluded and it occurs in the interaction of ammonia with a H atom, 
producing the Rydberg radical NH 4 . In HeH, the next, 2S, state will be bound and its 
surface terminates at large distances to the ground state of He + H(2$). However the 2£ 
surface will correlationally transform itself from being 2s to 2p^ as the He-H distance 
becomes smaller. In fact, all the I surfaces in HeH will change Rydberg character as the 
He-H distance changes, but only the lowest surface will change from Rydbe^ to valence 
at larger He-H distances (1). Moreover, the surface forms {the well depths are constant) 
and final geometries of these upper Z slates are controlled by core. The 

stabilities of the upper Rydberg states with regard to their adiabatic produces are not 
particularly influenced by the electron in the Rydberg oibitals, these play no relative role 
in bonding. Their excitation energies will be influenced by the Rydberg occupations. 

Finally, since virtual 12 surface cuts through all the higher 2 surfaces, the 
possibility of vibrationally induced internal conversion exists, causing the upper 2 lo 
relax to the 12 surface. This will, in rum cause the system to fragment giving ground 
stale He and H. Qualitatively, this indicates that all the upper 2 slates should not 
fluoresce, while the n states should. 

This above three electron Rydbergization occurs in the singlet state 
recombinations of an OH radical and the H atom to yield the first excited single state of 
water. In the case of ammonia (19), the planar recombination of the ground slate of 
the NH 2 ^ H involves the three electron encounter. In this case the in-plane 
electron pair of the radical encounters the electron of the H atom and the latter 
electron can be viewed as being housed in an expanding orbital which evolves from 
being Is to molecularly 3s in size. If planar symmetry is broken, the H atom will seek 
the singly occupied oibital at the radical site and the surface will evolve to the ground 
state of ammonia. This generates a conical intersection where the ground and first 
excited singlet states of ammonia cross. In fact, the ground (^Bjjand first excited stale 
(^Ai) of the NH 2 radical are only separated by a small amount of energy. The trajectory 
of the first excited state (n3s) N-H bond rupture could conceptually generate both the 
states of NH 2 . 
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6 NH and CN Bond Ruptures in the Amines 

As previously mentioned, the threshold of absorption photochemistry of ammonia 
resuits in N-H bond breaking. Similarly, both methyl and dimethyl amine show N-H 
rather than C-N bond rupture in their threshold photochemistries. At higher energies 
other processes occur, including Q4 breaking and elimination of molecular hydrogen 
(20).. Trimethylamine shows no photochemisty unless the gas phase excitation energy 
is about 1 eV above the threshold (21). Trimethylamine also exhibits nearly 100% 
fluorescence quantum yield over a fairly large spectral range, as do some other trialkyl 
amines, a truly exceptional photophysical property. (4^,21). 

Quantum mechanical calculations are currently incapable of quantitatively 
rationalizing the exceptional photophysical properties of trialky lamines. Evidently, the 
rates of both intersystem crossing and internal conversion of the n3s Rydberg singlet 
states of Iri alkyl amines are inferior by at least a factor of 100 to their radiative 
lifetimes. But these rates can not yet be computationally estimated What can be done 




R(N-H) 

Figure 1 Triplet surfaces for NH bond breaking in methyl amine at various levels 
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is to rationalize the preference of NH over CN bond ruptures in these states. 

The first thing to demonstrate is that the form of the bond rupture surface is 
nearly invariant with the level of treatment. This is shown in Figure 1 where the NH 
bond rupture is treated for triplet methylamine using a number of different 
methodologies. 

From Figure I, it is immediately obvious that the unrestricted and restricted 
HF methods give identical surface forms. When the UHF surface is corrected at the 
UMP2 level the forms remain the same. The use of a density functional does change the 
form somewhat but the use of this methodology in the case of excited states is 
questionable. 

Next, the NH bond rupture in the case of methyl and dimethyl amine are also 
much the same in form (Figure 2). Quantitatively, as shown in T^le 2, the use of 
correlation in the form of a UMP2 calculation does produce an extreme reduction in the 
NH rupture baniers but they are consistently small in the case of the alkyl amines. 




1.0 1.5 2.0 2.5 3.0 3.5 4.0 4,5 

R(N-H) 

Figure 2 Comparison of he N-H Ruptures in triplet methyl and dime thy lamine 

The barriers before or after correlation indicate that NH rupture is easy and 
affected by tunneling. Therefore, deuterium substitution should affect the pre- 
dissociation of these primary and secondary amines. 
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Also shown in Figure 2 are the structural representations of the n3S Rydberg 
states and how the surface become dominated by valence orbitals at the radical pair limit. 
This oibital transformation can be viewed at the 3s orbital, initially spanning the entire 
molecule, collapsing to a Is orbital on the departing H atom. 

Table 2 shows that C-N bond rupture has consistently a higher barrier than N- 
H rupture. In the case of trimethylamine, the barrier is in the order of the 1 eV value 
implied by photochemical studies (21). To rationalize this, we have invoked (2) a 
hyperconjugation argument in which the positive charge in the core valence space is 
partially delocalized on the H atoms of the methyl groups. This conjugation would 
even be stronger with regard C-N breaking in the Rydberg state of aniline since the 
species would have some C»N bond order contribution. In fact, our calculations 
produced a very high barrier for this rupture. As seen in Table 2 delocalization also has 
some significant effect on the NH rupture in Rydberg singlet and triplet states of aniline 
but it is less clear as to why . 

Tiiblc2 B airier Energies («V) for the Breaking of the 
N*H and C-N Bonds in the n3s Triplet states using 



a 6-31++C** Basis Set 
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The final question we will deal with is the what the probable threshold 
pholochemistry is in aniline. Table 2 indicates that the barrier for the singlet state is 
higher than in the case of alkylamine NH rupture. The onset of NH bond rupture in 
aniline is not well established experimentally (22). The full exposure to the emission of 
a particular source such as mercury arc and the use of quaitz reaction vessels means that 




(c-ii)a 
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the material is exposed at raid (ca. 250 nm) and deep (190 nm) UV at the same time, and 
this implies excitation to different excited states. In the case of aniline we estimate that 
the lowest singlet Rydberg state is above 5.0 eV (Table 1) and Table 2 indicates that the 
barrier for N-H rupture is in the order of 10 kcal/mole or greater. This would put the 
threshold energy forNH rupture above 5.5 eV, achievable using the 190 nm wavelength 
of a mercury lamp. But NH rupture is not expected, for instance, if the photolysis was 
carried out in Pyrex vessel or even with 256 nm exposure. 

Figure 3 shows the form of the NH bond rupture surface in the UMP2 triplet 
state of aniliine. This surface has a significant barrier in contrast with simple alkyl 
amines 




Figure 3 UMP2/ 6-31++G** Triplet NH bond rupture in the lowest Rydberg state of 

Aniline 
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7 Conclusion 

The compulations reported here show that the estimations of both the excitation 
energies and the surface forms for NH and CN ruptures in the lowest lying Rydberg 
states of the alkyl amines are relatively easy calculations. They are also easy to 
understand in terms of theRydbergizalion concept 
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In this chapter we wish to demonstrate how the unique properties of high-n Rydberg states 
are used in Zero-Kinetic-Energy (ZEKE) spectroscopy^ to produce spectra of ions and 
neutrals at unprecedented resolution. ZEKE spectroscopy is a high resolution spectroscopy 
for ions and neutrals which relies on electrons or ions produced through delayed pulsed field 
ionization of the very long lived Rydberg states which exist in a narrow rangejust below each 
rotational, vibration^ and electronic ionic eigenstate. The stability of these states has recently 
been associated with weak external perturbations which operate only on the high-n Rydberg 
states, that is, those lying extremely close to the ionization threshold. Selection of the narrow 
band of states from just below the ionization threshold rather than from above the ionization 
potential IP as in fiiotoelection spectroscopy PES, is what produces the high resolution in 
ZEKE spectroscopy. In the first part of this chapter, the extonal perturbations introduced to 
high-n Rydberg slates by dc electric fields and by the fields created by nearby ions are 
reviewed along with the presently accepted mechanism for Rydberg-ZEKE slate 
transformation. In the second part of this diapter, we outline how the ZEKE technique 
utilizes the special properties of these slates to produce high resolution spectra. In the last 
section we demonstrate the presence (rf strong charmel coupling which can occur in ZEKE 
spectroscopy as a result of the breakdown in the Bom-Oppenheimer approximation. 



Rydberg to ZEKE State Transformation 

Central to the understanding of ZEKE spectroscopy is some basic notion concerning Rydberg 
states.^ Rydbeig states are formed through the excitation of an electron into an orbital which 
is best de^bed by atomic orbitals belonging to shells well outside the valence shells of the 
atom(s). AD orbitals of the same value of n belong to the same shell of an atom and all 
orbitals of a shell with the same value of^ belong to the same subshell. There are orbitals 
in a shell with quantum number n and there are 2^ +1 orbitals in a subshell with quantum 
number i. Ihese bound electronic Rydberg levels become closer together as the energy is 
increased and eventually merge into an ioniz^on continuum. Illustrating the enormous 
nunfrier of states present at the high-n Rydberg/ZEKE region is unrealistic and so in Figure 1 
we restrict our schematic represent^on to the isolated n ® 15 ^te. Here a Stark field is 
applied to break the degeneracy of the orbital angular momentum states, The eigenstates in 
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the presence of an electric field are Staik stales, charactaized by quantum numbers n, k 
(defoied by parabolic quantum numbers n, and Hj, which can take on values ft*om 0 to n-l), 
andm.^ TOen these Stark aates are described in temis of field free eigenstates characterized 
by n. (, and m, one finds that a large range of f values conti^ute to a given single Stark state. 
Ifie distribution of possible m states contained in each k state is further illustrated on the right 
side of the Figure 1. For the n »l 5 state shown here there are 225 first and second order 
Stark field non-degenerate states, for n *200 the number of such stales increases to 40,000! 
The phase space illustrated by the possible m values for n« 1 5 shown in Figure 1 would cover 
nearly 3 pages for n*200. 
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Figure 1 . Schematic lepiesentation of a Rydberg progression converging towards an ionization threshold and 
extending into the k^uzatk^ cx^itinuum. Ihe cross-hatched area indicntee tie narrow banJ of very stable high-n 
Rydberg states (ZEKE states). Such a Rydberg senes exists beneath each rotational, >ibra(iciaal auJ electronic 
eigenstate of an kn. Ihe Hnear hydrogenic Sta^ efect is shown schematically fix die n * 15 st^ Ihe diagram 
stows ail |n n, n, m> Stark states with n ■ 15. 
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A striking feature of the structure of the hydrogen atom is that, despite the large number of 
orbitals within each n level, the field fi*ee enei^ depends only on the principal quantum 
nun^rn and is independent of the orbital angular momentum p. At the same time, however, 
the very high symmetry of the hydrogenic centra! Coulomb potential, responsible for the high 
state degeneracy, is extremely ft'agile and can be destroyed by very small external fields. 
Further, the different probabilities of electron penetration into the core region for different I 
orbitals and the reduction of the net field stren^ from shieldir^ by the additional electrons 
result in a loss in degeneracy for different i stales of the same n. Non-hydrogenic lower f 
states penetrate deeper into the core and thus have lower energies than higher g states which 
exist on average further from the core. In this respect the non-hydrogenic high-^ slates lake 
on the properties of the hydrogen high-n states. T^y do not penetrate the ionic cere despite 
their radial distribution functions. The most prevalent mechanisms for the decay of Rydberg 
states are autoionizatic« and predissociation from internal conversion. Both mechanisms take 
place through errergy exchange between the Rydberg electron and the ionic core. Hence, the 
Rydberg electron must be in the vicinity of the core in onto for this exchange to take place. 
Fast decay is therefore minimized simply by avoiding the core regioa The centrifugal barrier 
prevents an electron of given angular momentum j from apjroaching the core closer the a 
distance of r + l)/2. The vanishing probability of finding an electron of high ^ near the 
core is the essence of the most commonly accepted model (described below) explaining the 
longevity of high n Rydberg states. 



In ZEKE spectroscopy selection rules restrict the optically allowed transitions to states of 
low-l. Thus, the long lifetimes erf ZEKE states (states detected in ZEBCE experiments), first 
observed by Reiser et al, were unanticipated since they deviate by nearly two orders of 
magnitude from what one would expect based on the lifetimes of lower-n, lower- ^ Rydberg 
states when extrapolating the scalii^ law. In 1993, Chupka * outlined a proposal 
suggesting that the lor^ lifetimes of ZEKE states have their origins at least in part as a result 
of Stark mixing of different orbital ai^ular momentum states ? induced by electric fields and 
also ( and m changing interactions, caused by nearby ions. Since then, sevaal experimetal 
studies have verified this particular $,m m-mixing scenario.***^ At very low fields, the 
nonhydrogenic low-$ states (quantum defect # 0) are energetically separated from the 
hydrc^enic high-^ states (quantum defect = 0). The low-^ states are still dominated by the 
core-electron Coulomb potential and thus do not undergo a linear Stark effect. The 
d^enerate high-^ states, on the other hand, do experience a linear Stark effect, and their 
energy levels fan out linearly with increasing field strength, as represented in Figure 2. 



Interactions leadir^ to ^-level raixii^ occur when the outermost component of the high-f 
manifold approaches the position of the low-^ state. In the fresence of an electric field, 
excitation occurs directly into an optically accessible low - 1 Stark state which is now located 
within a densely populated Stark split high- f manifold. The optically accessible state is now 
described as a superposition of ^-states containing various oscillator strengths and longevity. 
The dilution of low-f character in the description of the now optically accessible eigenstates 
enhances their lifetimes. Vrakking and recently reported the direct observation of the 
onset of this type of field induced " ^-mixing" in NO.“* fii their experiments the lifetimes erf 
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single resolved Rydberg states were measured at different electric field strengths. A sudden 
jump in lifetime was observed at the CHiset of the avoided crossings between the optically 
excited lower-'^ state and the adjacent high- ^ component of the Stark manifold (see Fig. 2). 




Figure 2. Rydberg series In a non-bydrogeiuc atom and the noo-hydrogeoic Stark effect in the ni*0 state of an 
arbitrary atom. The shaded area of tbe Stark roamfold consists of td^- (nonpeoetrating states. 

When the above mentioned angular momentum state coupling occurs ( ^mixing), in the 
presence of a small electric field, the field free low-C lifetimes are greatly enhanced by mixing 
with the longer living high-$ states. However, whatever the precise origin oi all couplings 
between low-c andhigh-J states is, we must remember that these processes are subject to 
microscopic reversibility (i.e., low-f states ^high- Estates). Hence, any mechanism that 
enables the production of high- ( states from low- $ states also favors the production of low- 1 
slates from high-^ states. Further dilution of the low-? content erf the eigenstates can be 
realized when the Rydberg neutrals experience the inhomc^eneous electric field of nearby 
ions, here in addition to the spherical symmeliy also the cylindrical symmetry erf the 
homogeneous electric field is broken. Under these condition the magnetic quantum number 
m is no longer consaved. Mixing between optically accessible low-m states and « dark » 
higher-m Stark slates, which have zero low-? content, further enhances dilution erf the decay 
rates. In other weeds, perturbations which induce m-mixing, or more accurately m-changing. 
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allow access to the large m- phase space depicted in Figure 1. The phase space increases 
with increasing i thus favoring the population of these states. An ensemble of these special, 
long lived m-mixed Staik Rydberg states constitutes what is generally termed ZEK£ states. 



How ZEKE Spectroscopy Works 

ZEKE spectroscopy differs from other photoelectron spectroscopic techniques in that it is a 
two (sometimes many) step technique. The successive steps are applied in order to isolate 
the narrow band of la^-lived high-n Rydberg neutrals from the background « hot* electron^ 
ions and the short lived (autoionizing) low-n Rydberg states. Here, we mention electrons and 
ions together since they are formed as a pair and hence the separation and detection of ZEKE 
electrons is essentially equivalent to the separation and detection of ions produced through the 
ejection of a ZEKE electron.® The latter technique, a further development by Johnson et al.,^ 
has the added advantage erf mass selectivity (Mass Analyzed Thr^old Ionization, MATI), 
but usually at lower resolution. 
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Figure 3. Schematic of the expehmeotal airajigemeni: A supersonic molecular beam crosses the two 
couDierpiopagatiog lasers in the regioo between plates PI and P2 (top). Ibt excitation either occurs under field free 
conditions (when both plates are at ground potential) or in the presence of a separating field of 0,2 to 3 V/cm (when 
P2 is at ground potenti^ and PI is at -U). In the former case the separating deld is applied 10 ns lo |ps after laser 
excitation. The separadngfield, whether static or delayed, retards the direct ions with respect to the Rydberg (ZEK£ 
neutrals) molecules (bottom). To insure proper separation and signal, the field is applied through the ion optics up 
to the point of extraction. The molecules are ionized by a 200 V/cm field applied to the last two sets of plates. This 
pulsed delayed field accelerates ibe now ionized ZEKE molecules towards the detector. The very bottom part of tbe 
figure shows the jet (light time ihrou^ the ion optics where He or Ar are used as a carrier gas. 

A schematic of the ion optics sy^m of the spectrometer, used in the Munich experiments,^ 
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is shown in Figure 3. Although the apparatus is specifically des^ned to separate c^ons fi^m 
the neutrals ofrelatively laige molecular species, the principles illustrated in Figure 3 are the 
basis of all ZEKE experiments. The neutral molecular beam (here benzene seeded in He or 
Ar) enters the region between the first two sets of ion optic plates where either a static or 
delayed pulsed electric field is applied. This allows for las^ excitron in the pesence or 
absence of an electric field. In the case of many molecules and some atoms, excitation occurs 
through a two colcc, two photon process, the first laser excites the molecules into an 
electronic intermediate state and the second laser is used to scan through the Rydberg 
manifold. Ions can be poduced directly, in the excitation region, by two photon, one color 
absorptions from the first laser, which has an energy greater than one half the ionization 
energy of benzene. Direct ions are also produced through autoiotizadon pocesses which 
will be discussed later. 

The separation of the direct ions from the long-lived ZEKE Rydberg neutrals begins between 
the first two ion optic plates when the field is applied. The field retards the direct ions while 
the neutrals pass through holes, centered on each plate, at the speed of the carrier gas. The 
time scales, shown below the ion optic plates in Figure 3, illustrate the flight time from laser 
excitation to pulsed field extraction, approximately 24 ^ for He and 66 ps for Ar. These 
times are fixed by a variable, fast rising positive extraction pulse which is applied to the last 
two sets of extraction plates producing an electric field of 200 V/cm. This field ionizes the 
neutrals which are then extracted into a reflection time ctf flight (RETOF) mass spectrometer. 
The observed ion signal arises solely from the field ionized Rydberg states which are stable 
enough to survive the relatively lor^ drift time through the ion optics i.e., the modified high-n 
Rydberg states {2EKE states). 

The Rydberg energy levels and the correspondii^ schematic spectrum, shown in Figure 4, 
illustrate how state sekctivi^ is used in ZEKE spectroscopy. Scannii^ the laser from below 
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Figure 4. A schematic 2EKE spectnun. OoJy the highest long-lived ZEKE stales bebw a ^>edfic threshold 
contribute to the ZEKE spectium. States above the threshold (ionic) are removed by small applied fields and Ibe 
sbort-lived low-n stales (dashed lines) decay before pulsed field ionization. 
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the ionization threshold through a series of ionization limits and applying the delayed pulsed 
field ionization scheme outlin^ above, a spectrum similar to the one shown in Figure 4 will 
be obtained. Whenever long-lived high-n Rydbeig states are populated they will be field 
ionized some 10 after la^ excitation ancfdete*id. Lower-n states (dasH^ lines) decay 
during this delay time and ions produced above the IP are removed h\ the applied electric 
field. The first experiment in 1984 produced rotational resolution at die onset of ionization, 
and hence rotational structure of the NO* ion at threshold could be observed for the first 
time.^ Rotational slates which are separated only by 4 cm’ ‘(0.5 meV) wa^ completely 
separated in the initial ex^^nl To demonsirale the dramatic irraDvement in resolution, 
a comparison of the first 7EKE spectrum with the PES spectrum ofNO^ is shown in Figure 
5. Since the first ZEKE experiments, the technique has been further improved to produce 
resolution less than 0.2 cm* and has been applied to resolve slates as high as - 11 eV 
above the ionization threshold erf ” 




Rgure 5. The cdginal ZEKE spectrum d NO (Ref. 24), below, and ibe phocoeleccrco specmim (KS) available at 
that time (R^ 25) where the vib^ons of NCH are resolved The poition ofthe ZEKE spectium shown cortespesds 
to narrow interval evuhe red side d'tbe first vibrational peak in the spectrum. The rotadcnal state ^the 
intermediate state of NO used in the two ptxAoa pumping is defined for (be spectrum K+ 
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Electric Field and Ion Effects 

As indicated earlier, the growing consensus based on the increasing number erf experimental 
results concerning external perturbations on ZEKE states is that these states are extremely 
sensitive to their environments and can be altered by the smallest fields. Level couplings, 
such as ^mixing do not require the Staik field induced interactions between adjacent n 
manifolds. Instead, the electric fields which are required to induce f mixing in non-hydrogen 
systems scales as; 



F« jin*^ 

where ^ is the quantum defect of the orbital in question.^’ A Rydberg state of n « 200, 
typically accessed in ZEKE experiments, is fmixed by fields as small as 10 mV/cra. Fields 
dus snM are inherent in all but the best shielded ZEKE experiments. Lifetime enhancement 
resulting from the field induced ^-mixing, described earher, is now the generally accepted 
explanation for longevity of ZEKE states. However, several recent experiments seem to be 
in direct contradiction with the concept erf lifetime enhancement of Rydberg states in the 
jiesence (rfa dc field Pratt was the first to report that the appheation of a 3 V/cm dc field led 
to a large decrease in the pulsed field ionization signal of NO.^ Several other groups have 
since reported similar observations in molecules and atoms. Higher fields present during 
laser excitation can induce decay in a number ways: In several systems, higher field strengths 
have been shown to couple lower-5 components into the description erf the eigenstates by 
inducing deeper Stark state mixii^.^^’® Electric field induced Stark mixing can also enhance 
coupling between the electron and different states of the ionic core and thus allow the energy 
exchai^e required for processes leadii^ to open decay channels which may be closed without 
the field.®^ In addition, the field can produce a second order Stark splitting effect which lifts 
the degeneracy of different m levels to such an extent that the initially populated m levels 
cannot mix in with other levels thus restricting the preferential large higher- 5 phase space and 
allowing microscc^ic reversibihty back into low-5 states * All the decay charuiels decribed 
here are in competion with ion-induced m-mixing, which further isolates the ZEKE electron 
from the cae region and thus reduces decay. 

The su^ested role erf ions in the stabilization of ZEKE states may have been underestimated 
at first, however, several recent studies point to the frictthat their existence is critical in most 
experiments. A striking example of this dependence is found in the synchrotron experiments 
of Ng, et al.,^ where no iais are produced in the excitation region and thus no pulsed field 
delayed ionization signal was obs^ed for the short lived state of Ar. This is OHisistenl 
with Merkt’s conclusion that both 5 and m mixiiig is required for the observation of Ar (*P|/j 
ionic core) PFl-ZEKE signal.’ Martin etal.,^' systematically controlled the ion density 
conditions in experiments comparing the PFl-ZEKE signal intensities of the and 
states of Ar and observed an incresing quantum yield resultir^ from increasing stabilization 
at higher ion concentration. Direct measurements of the lifetime enhancement of Rydberg 
states by surrounding ions were reported by Vrakking et. al.,^ in recent vibrational 
wavepackel experiments on 1^. 
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Rydberg state stabilizaton at high ion density was also demonstated in lifetime studies of 
benzene above the classical ionization threshold In these experiments only the states above 
the classical P were detected. These states survive above the ionization threshold because 
their orbital dipoles are aligned opposite to the field direction and thus can only ionize with 
the rotation of the field direction or with the rotation of the orbital dipole itself (k and possibly 
m changes).^ The latter can take place only when the Rydberg electron returns to the ionic 
core, thus constituting an extremely sensitive probe of the electron-ion core interactions. It 
was found that with higher ion densities the electron does not return to the core (within the 
experimental limits, 20 ^s) and is thus stabilized into high- $ states induced by the presence of 
ions. 

In further benzene experiments. Held et al*^’** demonstrated an interplay between the applied 
electric field, present at excitation and the ion concentration on PFI-ZEKE signal. Increasii^ 
electric fields decreased the ZEKE signal while increasing ion concentration countered this 
effect. In a complementary experiment Meikl et al^ used high ion concentrations to reshuffle 
the Stark manifold in the fxesence of a small applied field. In his experiment the Stark 
electric field was deoeased after the long-lived ZEKE states had already been formed to 
allow remixing of lower f and m states which produced a decay in signal. How far the field 
strength needed to be lowered to produce the reshuffling depended on the ion concentration 
present This ion enhanced reshuffling (remixing) of the Stark mixed Rydberg states in NO 
is analogous to the initial ion enhanced ZEKE state formation process observed in the 
benzene experiments. 

The strong interplay between electric fields and ion concentrations on ZEKE state production 
is particularly important since these experimental parameters are very often difficult to 
control in most ZEKE spectrometers. An example of a seemii^y contradictory result which 
is likely to have resulted from such an interplay is that of Alt et al.^ In these experiments a 
three laser system was used to independently produce background benzene ion while 
observing changes in the benzene ZEKE signal. The conclusions reached in these 
experiments were that the injection of ilthtional ions had no effect on the ZEKE signal and 
thus no effect on ZEKE state production. In the light of the new results presented here, the 
experiments of Alt et al were most probably performed under conditions whae the ion 
density, produced through 1+1 ionization from the laser used to excite the benzene h^ 
intemiediate state, was already sufficient to counter the detrimental effects c£ the electric field. 
In other words, the ZEKE state quantum yield was already 100 % before the injection c£ 
additional ions. Reaching this saturation limit with relatively few ions can easily be realized 
when laser excitation occurs under near field-free conditions, where only small stray fields are 
present and the applied spoiling field is delayed. Since the stray fields can vary in different 
spectrometers, the critical effects of ions on the ZEKE spectra obtained in these different 
experimental set-ups may sometimes appear to be inconsistent. 



Lifetimes d’ZEKE States 

In the experiments described above it is clear that the presence of ions is instrumental in the 
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ZEKE state formation process. The ion induced m-mixing process converts optically 
accessed Rydbeig states into longer lived tm-mixed ZEKE states and thus competes with the 
decay of these stales. The ratio d the two rales, fjn-mixing and decay, respectively, 
detemiines branching between two different product slates formed from the same optical 
stales. As described above, both rates can be varied experimentally, the manifestation d 
which appears as the loss or gain of signal after some given delay lime following laser 
excitation. The delayed pulsed field ionized signal intensity is a measure of how many ZEKE 
states are formed and detected or, in other words, how many states are formed with very 
limited direct election-ionic ccae interactions. The decay rate at long times (tens of 
microseconds) is a measure of how limited these interactions are. To examine the long-time 
component of the ZEKE state decay we have applied a novel experimental ap^ach which 
measures the decay rates independently of how the ZEKE states are formed.^’ Briefly, 
ZEKE spectra were obtained where the ZEKE neutrals were extracted at different delay 
times, typically 12-24 ps after laser excitation. The decay (rfthe integrated ZEKE signal at 
these longer times was used as a measure of the decay rate of the ZEKE states. The series of 
experiments showed that the measured decay rates are independent of whether laso* 
excitation occurs in the presence or absence of an electric field. Recall, however, that 
excitation in the presence of an electric field does have a profound effect on the absolute 
intensity of the ZEBwE spectra. The shapes of the ZEKE spectra were also independent of 
how late the field ionization pulse was applied. It can therefore be conclude that the 
conditions at excitation strongly affect the formation of ZEKE states but do not affect their 
late time decay rates and that all states contributing to the ZEKE spectra are thoroughly mixed 
and decay at the same rate. These experiments demonstrate the clear distinction between 
early and late effects in ZEKE slates. Ion concentrations, which play an important role in the 
initial ZEKE stale formation, were also shown to have little effect on the decay rate long after 
excitation/formation. The conclusions reached here are consistent with the biexponential 
decay behavior observed for Rydberg states of Nj Xe.**. The initial decay of these 

states takes place very quickly followed by the slow decay rate of the states normally detected 
in ZEKE experiments. 

The late time decay rate of benzene was found to be strongly enhanced in the presence erf an 
electric field applied after laser excitation and sustained up to the point of delayed pulsed field 
ionization. When the field is fumed off before pulsed field ionization, the resulting decay rate 
increases by a factor of 4-5. Switching the electric field on and off several times before 
extraction produces dramatic losses in signal which scale with the switching rate. Signal 
losses, produced by switching the field back to zero or nearly zero has also been observed for 
At and was shown recently to be dependent on the ion concentration present*® The results of 
the field switching experiments are consistent with the g-mixing argument pesenied earlier. 
Turning off the electric field allows the superposition states conlainii^ high- g character to 
remix and lake up additional low - 1 character. Each time the field is switched on and off the 
ensemble of slates is reshuffled and more long-lived Stark states with high-g character are 
converted to short lived Stark slates with low- g character. The result is the observed loss in 
ZEKE signal at longer times. One can conclude from these experiments that the ZEKE states, 
once formed, are very effectively decoupled from the ionic core and that by applying and 
sustainii^ a small dc field from laser excitation through pulsed field extraction the coupling 
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can be further diminished. 



Uncoupling <^the Electron from the lonk Core 

It is well known from early atomic physics studies that Rydberg st^s from different sales 
can interact with eadi other.^**^*^ The dynamics oi very high molecular Rydberg ^tes 
(Hund*s case D) also exhibits these couplings and have been successfully modeled usii^ 

multichannel qumtum defect methods involving breakdowns in the Bom*Oppenheimer 
approximation. In ion spectroscoi^ these lateral interactions often result in unexpected 
transition intensities where lines are observed which are apparently Franck-Condon 
forbidden. The population of Franck-Condon foibidden states is also observed in ZEKE 
spectroscopy, as it was in TPES, where the resulting intensity anomahes can be used to great 
benefit at high resolution leadii^ to a greatly enriched spectiiun. In fact, one can explain this 
apparent anomaly by recc^nizii^ that each vibrationally populated ground state can be 
excited into it Is own Rydbeig ladder. The finally excited states of all these Rydbeig ladders 
couple together to produce spectra which appear to violate the Franck-Condon principle. 
Two dramatic examples illustrating such a breakdown are found in the direct ion spectrum 
and the delayed pulsed field ionized ( 7RK F) spectrum of Agi”* shown in Figure 6.** 
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Figure 6. Direct ion signaJ (lower trace) versus delayed pulsed held ionization signal (upper trace) scanned below 
tbe adiabatic ionization threshold to above the v+ • 4 threshold The excitation is perfonned via ■ 4 of the B fl, 
state. Tbe direct ion siganl corresponds to the sum of prompt ions plus delayed pulsed field ionized Rydberg states, 
whereas the signal shown in the upper trace results exclusively from Rydbe^ molecules field ioniz^ 12 ps after 
exciiatioo. Both chaooeb are recorded on the same beam, for allematuig pubes. 
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The spectra of the ionic ground state X of Agj*** were recorded using multipholon excitation 
via the v' * 4, intermediate , state. The dir^ ion spectrum shows a rich autoionizadon 
structure resulting from resonances of bound lower-n Rydberg states belonging to higher 
vibrational excitation of the ionic core.^’ The schematic in Figure 7 illustrates how all Rydberg 
levels, even the very low n states of higher vibrations, can contribute to the autoionization signal. 
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Hgure 7. A aeries of Rydbe^ manifolds built on several differenl rotational levels illustrates how couplings between these 
levels (channel coupling) can produce the anomalous intensify patterns seen in Figure 6. The rwo series on the far right 
side represent low n Rydberg levels of higher vibrations. These states, along with all other stales within the spectral regicsi 
ofinierest. cancontribute to Redirect ion spectrum. The only stales which can contribute lo the ZEKE spectium are those 
which lie within the ZEKE (high n Rydberg) manifold and the stales that couple Co dus manifold. 
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The ZEKE spectnim shows the vibrational progression fromv+ * 0 lo v' = 4 resulting from the 
delayed pulsed field ionization of the narrow band of long lived ZEKE stales built on each of the 
vibrational levels of the ion. The numbering of the ZEKE peaks conesponds to the vibrational 
quanta in the ionic ground state . Irrespective of the selected vibration v' in the intermediate state, 
^ vibrational progressions were found to have an intense v* = Oband followed by progressively 
decreasing intensities for higher vibrational states v* of the ioiL The intensity pattern of the 
spectrum, excited via v' » 4, is apparently in strong disagreement with that calculated using 
standard Franck-Condon factors The vibrationally excited ground state geometry is expected to 
have stronger overlap with the vibrationally exci^ ion state, hence higher vibrational states of 
the ion should be more intense. A qualitative explanation for the intensity patterns in both spectra 
of Figure 6 is realized when one examines the many overlapping Rydberg levels which exist in a 
given spectral region (see Fig. 7). The signal detected in the direct ion spectrum is produced 
through the direct ionization erf the ZEKE states and from the autoionization of the short lived low- 
n states of higher vibrational levels. These lower-n states carry very high oscillator stiei^th and 
thus dominate the spectnim. In the ZEKE spectrum, the initial optical excitation proceeds within 
the Franck -Condon scheme, thereafter, the slowly orbiting electron allows mixing between 
is(}€nergeric Rydberg vibronic stales. Intensity is gained at transition energies into thev*» 0 state 
through isoeneigetic population transfer from low-n, short lived Rydbeig states of higher 
vibrational states (e.g. the v*« 1 5,3... state in Fig. 7) to high-n, long-lived Rydberg states of lower 
vibrational states (e.g. the v* - 0 state in Fig. 7). This « channel coupling »can occur through 
several isoenergetic horizontal steps. In the absence of channel couplii^, the optically excited 
low-n state would quickly decay and not be delected by the delayed pulsed field ionization. An 
important implication of this spectroscopic breakdown of the Bom-Oppenheimer approximation 
is that the ZEKE technique can now be u^ to examine highly resolved Franck-Condon forbidden 
slates which are not accessible in conventional photoelectron spectroscopy. 



Summary 

The observation of very long lived Rydberg type states was an unanticipated effect. These states 
live a thousand fold longer than pre^cted, but exist not only in a very narrow band of a few cm * 
below the P of the molecule, but, since each ro/vibrational slate of the ion is also the convergence 
limit of a Rydberg series, each erf these states also has such a narrow band erf long lived states. 
These highly stable states are not the optically accessible Rydbeig states, but rather are dark states 
that have heon produced from these optically active states by conversion erf the electitans to near 
circular orbits as the result of symmetry breakings due to external fielels, either applied or 
inherent, or due to ions in the vicinity . Th^ new slates lead to electrons prexluced near threshold 
with virtually no kinetic energy, hence they are termed ZEKE states. 

The long lived property of these neutral ZEKE states makes them easy to separate from aU other 
species. After such separation they can be readily detected by ionization with stronger fields. 
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This forms the basis of a new, extremely high resolution and accurate spectroscopy of molecular 
ions, limited only by laser resolution. It is a facile technique and as such it has many advantages 
for ion spectroscopy - and indirectly for neutral species. 
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1-INTRODUCTION 



In order to study the reactivity of the Rydberg states, it is impor- 
tant to know the relative rates of radiative and non-radiative decays of 
the reactant molecules. One of the reviews on atomic and molecular 
Rydberg state reactions has been made by Dehmer and Chupka [1] in 
the case of hydrogen. One factor which determines the mechanism of 
H 3 formation in the chemiionization reaction with Hj: 

( 1 ) 

is the process of destruction of 
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In this review, we shall present whal is known about the lifetimes 
of Rydberg states of different small molecules. Let us recall that the 
lifetime r of an excited state is given by: 

l/T = l/r, + l/Tnr (2) 

where r,, is the radiative lifetime , due to the fluorescence and 
the non-radiative lifetime which competes with radiative emission to 
depopulate the Rydberg states and which is due to predissociation 
below the first ionization potential. Autoionization is an additional 
mechanism which adds to predissocialion above the first ionization 
potential. In the following, we will examine successively these different 
decay pathways. 



2-RADIATIVE LIFETIMES OF THE RYDBERG STATES 

The radiative lifetime of a given n level depends on the sum of all 
possible transitions and is given by the formula: 

(3) 

J 

where Aj^j is the probability of transition from the level n to the 
level j. 

For the transitions to the ground state of a, molecule, there is a 
variationof T^^with j^3 [2]. For example, for the d Rydberg state of 
the 11 j molecule : 
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T. 






(n/3y 



0.346 X 1Q9 

This formula, comes from the 3p7Tu *11^ radiative emission rate : 



(4) 



4,;=u = 0.346 X (5) 

calculated by Glass-Maujean [3]. The values in Table 1 are deduced 
from it : 



l AMMC I Kadiative lifetimes of p Rydberg states of molecular 

Hydrogen^. 



ri 


r„ (s) 


•2 


0.86 10-® 


3'' 


0.29 10-* 


4 


0.68 L0-* 


10 


0.1(1 ur® 


100 


0.11 10"^ 



'' Adapted Iroiii rel. [1] 

’ 1 * 01 ' the f- levels. 

Note that radiative decay of Rydberg states of H 2 involves little 
or no cascading via» the E , P' state [4]. In other Rydberg- 
Rydberg transitions have been observed, for example 5g— ^ 4f [5]. 

For other molecules, for example in NO, Rydberg-Rydberg transi- 
tions play a major role. Strong transitions from the C^O 3p7T level to 
ns and nd levels are expected, corresponding to the allowed transitions 
at, the united-atom limit. These transitions do not follow the rule in 
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n^. They have been calculated by Masnou-Seeuws and Jungen ([6] 
p.839). There are also 5g^4f transitions in NO [7]. But it happens 
also that Rydberg-Rydberg transitions do not follow the Af =1 rule, 
as for example 5f ^ C^Tl transition [8]. This can be explained by 
the i -mixing in molecules due to the non-spherical symmetry. The 4f 
^ transition in NO is due to the weak mixing of s with 

d. Ab - initio calculations made by McKoy [9] give a contribution of 
6.5% of the d orbital to the 3s orbital. 

There is a special case, the case of the Rydberg molecules i.e. the 
molecules having an unstable ground state such as the rare gas hy- 
drides [10]. Emissions from np states of ArD have been observed by 
Dobrowski et al [11] but due to the predissociation of the lower state, 
the r>p— » 5s and 6p — ♦ 5s bands of ArH have broad lines. We will 
return to this problem later. Note that emission from 4f complexes 
is also observed in ArH and could be looked for in molecules as NeH, 
where such complexes have not yet been observed. 

In general, due to autoionization, no fluorescence can be expected 
from a Rydberg level lying above the first ionization potential. Two 
exceptions are known : (the ’ll” levels) [12] and Lij [13]. 

3-PREDISSOCIATION OF RYDBERG STATES 



We will describe different types of pre dissociation of the Rydberg 



states : 
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3.1-RYDBERGIZATION 

At first, for low Rydberg states, it exists sometimes a special type 
of predissociation called Rydbergization [14] p.209. One example is 
given by the CH and OH hydrides. The 3sa first Rydberg orbital varies 
with the R internuclear distance and becomes a < 7 * antibonding orbital 
at intermediate distance. This change is so strong that the resulting 
state is an unstable stale and cannot be observed in absorption. It is 
the case in the CH and OH molecules [15]. 

3. 2. -PREDISSOCIATION BY RYDBERG STATES 

The predissociating state can be a stable Rydberg state as in H 2 
where the high Rydberg states are strongly predissociated by the lower 
Rydberg states and 3pcTu5'EJ (see [1] p. 1689) . Because 

the 'E'*' levels have e-symmetry, it is only the e-levels of the states 
which can be predissociated by rotational interaction with the con- 
tinuum of the ‘E+ states. Consequently, for example, the 
state ( v= 3) of/- symmetry cannot interact with the 3pcr^j5'*Sj state 
and its lifetime is equal to the radiative lifetime of 3 10''^ s (see Table 
1) whereas the DMlJ* state (^-symmetry) has a non-radiative lifetime 
very short, equal to 3.6 10''^s, due to the predissociation [16]. 

For the higher states lying above the first ionization threshold, there 
is a competition with autoionization and this will be discussed later 
(Section 5). The upfJu'Sj states are predissociated by electrostatic 
interaction predominantly by the 3p<r^,fi'*EJ state. This predissocia- 
tion decreases very fast with n compared to the radiative decay rate. 
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The decay of the state ( v=4 and 5 levels ) is more than an 

order of magnitude lower than that of the 4p(Tu^Ey v=l level [17]. 

Iq conclusion [1], the decay rates of all of the high-n Rydberg states 
of II j may be approximated by the rate of radiative emission. 

The predissociation may also be due to a repulsive Rydberg state 
with a dissociative ion core. This case has been studied for the HCl 
molecule [18] where the Rydberg states converging to the excited 

state of HCi"^ are predissociated by repulsive Rydberg states having 
the ion core. In this case, the width of the levels is about 40 cm”*. 

3.3-PREDISSOCIATION BY VALENCE STATES 

The most common predissociation of Rydberg states is by valence 
states, either by the continuum of these states if their dissociation 
limit lies below the considered Rydberg states or by repulsive valence 
states. 

3. 3. 1. -Example of NO 

The predissociation is one of the dominant decay processes for the 
Rydberg states of NO in the discrete region. A general example of 
predissociation by valence states is given by the states of NO : 
the B^n valence state cf NO has an electrostatic interaction with 
the Rydberg state (the two configurations differ by two 

orbitals). This interaction decreases as l/n“5( see [14] Table 4.5.). 
When the Rydberg stale lies above the dissociation limit of the B^Fl 
state, the predissociation width of the level v of this n Rydberg state 




273 



is given by: 

Urn* = r;"^ = 2=r(2K/„-’) x < „|ft >" (6) 

where \*pr,.c£ is a quantity independent of n, dimensionless, equal to 
about 0.02 in the case of the B state of NO and {v|i^j)is the overlap 
between the discrete v level of the Rydberg state and the vibrational 
continuum of the B^Il state, 7? is the Rydberg constant. 




Figure I: Potential curves of NO from ref. [19] 

This predissociation has been studied in detail by Giusti-Suzor and 
Jungen [19] (see Fig.l). The levels > 2 of the 5pirQ'^U state are pre- 
dissociated : the width is 8 cm“^ for v=2 , between 10 and 30 cm“' 
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for V— .3 and only ]cm * for v=4. 

Similarly the A valence state predissociates the Rydberg 
states but because the electrostatic interaction between the states 
is smaller (about 0.01 [20]), this predissociation is less important. 

Another predissociation in NO due to the repulsive valence 

state with the configuration tt'* a*, affects the Rydberg states. This 
is more complex than in the case of states with n and ^ symmetry. 
This has been described in [8] p. 1325. When n increases due to the 
^-uncoupling, the A, ^ states are mixed and the evaluation of 

their predissociation becomes difficult. For the 7f Rydberg complex 
of NO [21], it has been possible to show that only the ^E+part of the 
complex is predissociated by dissociative ^E*^ valence states. 

3.3.2- Example of Oi 

The mixing of Rydberg and valence states can be very strong. It 
is treated in this book by Buenker and by Peric and Peyerimhoff. In 
the case of O 2 , the interaction parameter between the valence state 
and the Rydberg state is equal to about 

4000 cm“* and this causes the strong predissociation of E^E^ (v = 0). 
Transitions into this level give rise to the very diffuse ’longest band* 
[22] (see also fig. 5 of [23]). Analogous Rydberg-valence mixing appears 
for states. This Rydberg-valence mixing causes strong perturba- 
tions and predissociations in all the spectrum of 02 - example, the 
7r||xj3pTy/*Ej Rydberg state interacts by spin -orb it coupling with the 
E'^E“ state of the same configuration, already strongly predissociated, 
and this gives a width of 4.4 cm"® for the level v=0 , J=0 [23] (see 
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Fig. 2 




higure 2 : Diabatic(soli(l lines) and adiabatic (.dashed lines) potential energy curves 



of the O'* molecule, together with the calculated rolationless photoabsorption cross 
section from ref. [23]. 

These predissociations due to valence-Rydberg mixing appear not 
only in the u Rydberg states but also in the g states. For example, 
both singlet and triplet Rydberg states are predissociated by 
respectively the and ^11^ valence states, but the orbital gives 
rise to a Rydberg state which is not predissociated [24] because 
the valence state lies much too high in energy to interact with the 
3d(5$^ Rydberg state. 
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3.3.3- Other molecules 

The predissociation of the low Rydberg states by such a, mechanism 
is general: in polyatomic molecules such as C 2//2 [25],C02 (26], the 
observation in absorption of low Rydberg states is difficult or gives rise 
to very diffuse bands. One of the exceptions for low Rydberg states 
is the observation of sharp lines for the of CO 2 [26] with a 

lifetime equal to 1.6 xlO”*^ This can be explained because the 

valence state is not repulsive in this energy region [28]. Sharp 
features in the rotational band contours of the nf complexes of the 
same molecule have also been observed [29]. 

Even in simpler molecules as hydrides, weak predissociatioris ap- 
pear for the lowest Rydberg states. Such an example is given by the 
HCl molecule where many Rydberg states are predissociated by in- 
teraction with the repulsive states going to the first dissociation limit 
[30]. The detailed mechanism of these predissociations is not yet com- 
pletely understood. 

Anyway, due to the scale rule (eq.(6)), these predissociations di- 
minish for high Rydberg states. Even in molecules as large as benzene 
Rydberg series with very low quantum defects (<0.01) have been re- 
solved up to ji = 110 [31] (see Fig. 3) 

Above the first, ionization limit, autoionization takes place (see Sec- 
tion 4). 



3.4- PREDISSOCIATION BY THE GROUND STATE 



In the case of Rydberg molecules, already mentioned in Section 
2, where the ground state is an unbound state, the Rydberg states 




74560.0 



74576.0 



74568.0 

Absolute Energy [cm"'] 

Figure 3: Rydberg slates of Benzene, ref. [31] 

which converge to the stable ion ground stale are lying in the vibra- 
tional continuum of the ground state and are thus predissociated. For 
example in HeH, the level v=0 of the first Rydberg state has a 

lifetime of 15 ns [32]. Many calculations have been made to reproduce 
the observations for the rare gas hydrides( see for example for HeH 
[33]). 

4- AUTOIONIZATION OF RYDBERG STATES 

For Rydberg states lying above the first ionization limit, called 
superexcited states, there is a possible decay by auto ionization. Four 
types of autoionization can be distinguished. 
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If the Rydberg state interacts with the continuum of the same state 
of the ion to which it converges, two types of autoionization are pos- 
sible : 

- vibrational autoionization 

- rotational autoionization 

There is a special case where the Rydberg state interacts with the 
continuum of the another spin-component of the ion slate to which it 
converges. This gives rise to : 

- spin-orbit autoionization 

Finally, when the Rydberg state interacts with the continuum of 
another electronic state than that to which it converges, one is in 
presence of : 

- electronic autoionization 

We will examine successively these four types of autoionization, 
illustrated by examples (see also [14], Chapter 7 ). 

4.1 ROTATIONAL AUTOIONIZATION 

This autoionization results from the coupling of a Rydberg u, J, 
level converging to a, N"** level of an ion with the continuum N 
of the same electronic state of the ion. This has been especially studied 
for the Hi molecule by Herzberg and Jungen [34]. The strength of this 
interaction depends on the difference between the quantum defects of 
the different A components of a given complex. For a n sufficiently 
large, the autoionized Rydberg level can be represented by a pure 
Hund’s case (d ) coupling and its lifetime has been given for any value 
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of t and a, given value of v in [35] eq(15). 

This lifetime varies according to the molecules and in Table 2 are 
given some values for different molecules: 

TABLE 2. Non-radiative lifetimes for rotational auloionization (s) 



Molecule 


State 


V 


N 


N+ 


T 




26p2 


1 


2 


0 


2.3 10"’2 


LiW 


25 d 


0 


2 


0 


5.0 10-’’ 



(a) see ref. [36] 

In H:i [37], rotational autoionization is the fastest decay process. 

As the difference between the quantum defects decreases with 
the rotational autoionization is less efficient as ^ increases. 

4.2 VIBRATIONAL AUTOIONIZATION 

This autoionization results from the coupling of a given Rydberg v, 
J, level converging to a given v'*’, N**" level of an ion with the continuum 
v+ — 1^ N*** of the same electronic state of the ion. This is due to the 
variation with R of the quantum defect jx as shown in [34] (see also 
[14] p.396 ) and 



l/r„.„ = = 2ir[2nin’%d^ildRf < v\R - R,\v - I >* (7) 

In the harmonic approximation; 



< n ft — — I 




( 8 ) 
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Table 3 gives some examples of this type of autoionization: 
TABLE 3. Non -radiative lifetimes for vibrational aiitoionization{s ) 



Molecule 


State 


V 


j 


r(3) 


( 

E 




Spu 


2 


1 


0.5 LO-'^ 


9.7 




24d 


1 


8 


3.1 10-’“ 


( 

o 



(a) ref. [34] 

(b) ref. [38] 

In triatomic molecules, the mechanism of the vibrational autoion- 
ization has been recently studied by Jungen and Pratt [39] and ex- 
perimental results have been given by Grant for both NO^ [40] and 
formaldehyde [41]. 

4.3 SPIN-ORBIT AUTOIONIZATION 

This type of auto ionization has been recently studied. It appears 
only between the two threshold ionization limits corresponding to the 
ion doublet state. It is analogous to the autoionization which happens 
in rare sas atoms between the and ^Pi ionization limits of the 

3 2 

corresponding ion atom. It results from the coupling of a Rydberg v, 
.) level converging to a J'’’,!!'*' of the upper spin-orbit limit (^Ili in 
case of hydrogen halides) with the continuum J'‘^,fi '^of the lower 
spin-orbit component of the ion (^FIs). 

For n sufficiently large, the auloionized Rydberg level can be rep- 
resented by a pure Hund’s case (e) coupling and its lifetime has been 
given in [35] eq(17). 
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In the case where (but ^ J'^), one can speak about 

rotational autoionization but it is a type of rotational autoionization 
different from that described in Section 4.1, because the interaction 
responsible for this ’ rotational * autoionization is due not only to the 
uncoupling rotational operator but also to the r-uncoupling rotational 
operator and to the spin-orbit operator. 

Calculations have been able to reproduce the observed widths of 
the rotational levels between the two ionization limits and^fli 

2 3 

in particular for the HBr absorption spectrum from the intermediate 
state F*A [42] or from the ground state [43]. 




Figure 4: Lifetimes of rotational levels n=93 of HC3 for J<3 and i <3 
The widths vary very much according to the £ value of the reso- 
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nance. As in case of rare gas atoms, the d resonances are the largest 
ones { for n=7 F=43 cm’'*) and the s-resonances less (for n=8 r=5.7 
nn“‘ )(44]. 

Evidently, following the scale rule, the lifetimes increase as n^but 
there are very different depending not only on the value of i but also 
on the value of the J"'' of the ion to which the resonance converges. In 
Fig. 4 are given the calculated lifetimes for n=93 in the HCl molecule 
for ^ <3 and J<3. It can be seen that the rotational levels converging 
to =3/2 of the ^Tli lowest limit cannot be autoionized because 
they are below the first ionization channels. The levels converging to 
the following rotational levels of the are weakly autoionized but 
their lifetimes decrease when the number of open channels increases 
i.e. when increases. The rotational levels of n=93 converging to 
the rotational levels of ^111 have a shorter lifetime which, in turn, 

decreases when the value of of increases. 

2 

As explained in other chapters of this book by Jortner, Levine, 
Remade and Schlag, in ZEKE experiments, there is a lenghthening 
of the lifetime of the levels due to the electric field. Fig.5 shows the 
calculated decay in function of the delay time in the absence of electric 
field. At short time, the decay of the intensity of the ZEKE peak is 
very fast due to the i =2 components, then the decay decreases and 
finally follows the decay of the f > 3 components of which the lifetime 
has been put equal to 10“® s in the calculation. 

When a static field F=0.1 V/cmis applied, due to the ^ -mixing 
of the components by this electric field, the decay corresponds, even 
after a short delay time, to that of the longest component. The decay 
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FaO.1V/cm J 

i 




Figure 5: Variation of the decay from F=0,0lo O.lV/cm of the ZEKE peak of 
HCl (1+=l/2 f^+=l/2) 

is not monoexponential but biexponential as shown in [45] and verified 
experimentally [46]. 

Note that the origin of the lenghthening of the Rydberg levels in 
ZEKE experiments is, in our case, due only to the ^^nixing induced 
by the electric field. In the case of NO, as reported by Levine and 
Remade in this book, there is another effect due to the induced ro- 
tational autoionization which is not present in the case of spin- orbit 
autoionization. 

Spin-orbit autoionization can in principle be observed also in Ryd- 
berg states converging to different spin-components of a ^ II ion state 
as in NO^, or of a ^11 ion state as in OJ. 
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4.4 ELECTRONIC AUTOIONIZATION 

Except in the preceding case, that of the spin-orbit autoionization 
of the d levels, the most important effect is often given by the elec- 
tronic autoionization when this process is energetically possible. This 
appears for the coupling of a given Rydberg v, J level converging to 
a given electronic state of the ion with the continuum of a same sym- 
metry and J but different v and different electronic state of the ion. 

l/C = = 27r(2TC/n-3) x (9) 

Table 4 gives some examples of this type of autoionization. 



TABLE 4. Widths for electronic autoionization (cm 



Molecule 


State 


Core 


V 


continuum of 


! 

V 


r 








1 




1 


1600 




4px’n 


A'S-’- 


2 


x^n 


0 


600 




(4s + 3d)’ n 


A^n 


0 




0 


70 




3d^’S: 




0 


X^E+ 


0 


950 



"ref. [47] 

^ref. [18] 

'ref. [49] 

'^rel. [48] 

The autoionization processes depend strongly on the symmetry 
of the states. For non-penetrating states, the autoionization is less 
strong. 
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5-COMPETITION BETWEEN PREDISSOCIATION AND 
AUTOIONIZATION 

Several studies have been made about the competition between 
autoionization and predissociation. We refer to our two reviews on 
this subject [50» 51]. There is for example in [52] a competition 
between the dissociation of (X^S^)np Rydberg states in : 

//(l.s) + H(\\ovA() (10) 

and the ion pair: 

+ ( 11 ) 

and the auloionization in: 

+ e (12) 

Unfortunately the ratio of these cross sections has not been ob- 

tained either experimentally or theoretically. 

Calculation of the ratio between two pathways is possible for ex- 
ample in the case of HCl [18] or in the case of HF [53] where the 
competition between autoionization and predissociation in ion pair 
has been studied. 

A study has been made in the case of NO where the interaction be- 
tween the ionization and dissociation channels was present, the conclu- 
sions given in [19] are; if the predissociation is dominant, the autoion- 
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ization is reduced by the interaction between ionization and dissoci- 
ation channels, but vibrational autoionized resonances corresponding 
to Au >1 which are nearly zero in case of pure autoionizalion have a 
comparable intensity with those with Au = L 

6-CONCLUSION 

The reactivity of Rydberg states is of interest due to their large 
radius but the practical use of them is limited by their rapid decays by 
predissociation and, above the first ionization limit, by auto ionization. 
The most stable Rydberg levels are those with very high values of n 
and their possible stabilization by an electric field makes possible their 
use in chemical reactions. 
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1. Introduction 

In a molecular Rydberg state one or more of the electrons are in large or- 
bitals surrounding the remainder of the molecule, which is known as the 
core. The essential character of Rydberg states depends on the long-range 
interaction of the Rydberg electron and the core being an attractive r“^ 
potential, and so it is necessary that the core should be positively charged, 
say with charge H-Ze, Thus negative ions do not have states comparable 
to Rydberg states. The present article considers states with only one Ryd- 
berg electron. The approach here uses a conventional effective Hamiltonian, 
which is useful in the fitting of the rotational structure of spectra, as in the 
pioneering work of Johns and Lepard [10]. The general philosophy is similar 
to that of the polarisation model [18, 6]. However, much of the published 
theory of Rydberg states uses quantum defect theory [8, 11]. The main 
topic here is the algebra of the angular momentum coupling of the Ryd- 
berg electron with the core. 

The long-range potential -Ze^/47r€o^ is isotropic, so in zeroth approx- 
imation there is no angular coupling between the motions of the electron 
and the core. However, this potential couples them together translationally. 
In this approximation the Rydberg orbitals can be described by the usual 
hydrogenic quantum numbers n,l, mi and their term values are 




where is the Rydberg constant and Me is the mass of the core. The 
reduced -mass factor Me! {Me + ^e) allows for the translational coupling 
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of the electron and the core. At this level of approximation, the term values 
(I) show the Coulomb degeneracy of the different / values. 

The rotational term value formula for the core depends on which Hund’s 
coupling case [9, 15,14] it belongs to. TypicaUy, this will be one of the cases 
(a), (b) or (c). On the other hand, the coupling of the Rydberg electron to 
the core is usuaUy characterised by case (d) or (e). Initially let us consider 
a Hund's case (b) core. This allows us to ignore the electron spins for 
the moment. Then the rotational wavefunctions depend on the angular 
momentum quantum numbers of the core, and the rotational 

term values are approximately 

F,^{N^,A+] - B+[iV+(iV+ + 1) - (2) 

where fl'*’ is the rotational constant of the core. The approximate total 
term value of the molecule is obtained by adding equations (1) and (2). 

One complication has been glossed over in this simple description. The 
potential is most accurately represented by an r“* term if r is taken as 
the distance of the Rydberg electron from the centre of charge of the core. 
However, the core rotates about its centre of mass. The electric dipole 
moment of a charged species depends on (he choice of origin, but for a 
rotating species the natural choice of origin is the centre of mass. The 
dipole moment of the core is then 



^ = Zed, 



( 3 ) 



where d is the vector from the centre of mass to the centre of charge. Note 
that is isotopicaUy dependent. If we now define r as the vector from 
the centre of mass of the core to the Rydberg electron, then the Coulomb 
potential becomes — Ze^/4ffeo|r— d|. As d is usually small compared to r, 
this can be expanded as 




Ze 
— + 
r 



~r^ 




( 4 ) 



where S' is the angle between r and the intemuclear vector. Thus the po- 
larity of the core introduces an anisotropy into the electron-core interaction 
relative to the centre of mass of the core. Introducing the next terms in the 
long-range expansion of the potential, and converting to atomic units, we 
obtain 






Z , /i cos S' , <3(3cos^S' — 1) 
2r3 



, [a + KQ|l~°-i-)(3cos^^-l)] , 

2r" ^ 



( 5 ) 
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where Q = ^he quadrupole moment and €K|| and ax 

are the components of the polarizability of the core, with a = 3 (<»|| + 
2ax)* These quantities are all calculated with the core centre of mass as 
origin. It is seen that, if we introduce an axis system xyz with origin at 
the centre of mass and rotating with the core, and polar angles ^') 
of the Rydberg electron relative to these axes, then the potential in this 
approximation is independent of the angle 4 /. This means that its matrix 
elements are diagonal in the quantum number A of the Rydberg orbital 
angular momentum component Ig . 

The terms (5) give the long-range potential. At shorter ranges the Ry- 
dberg electron increasingly penetrates the core. To avoid a detailed discus- 
sion of the intra-core dynamics, the effect of this penetration is described 
by scattering theory as a phase shift of nfiix ^ radial wavefunction of 
the Rydberg electron as a result of the ‘collision’ with the core. Here I and 
A are the angular momentum quantum numbers of the Rydberg orbital 
relative to core-fixed axes, and fnx is the quantum defect for this orbital. 
As a result of this interaction the Rydberg energies become 



Trax = -Z^R 



00 



Mo 



(n- 



( 6 ) 



where the quantum defect approximately independent of n. The num- 
ber n—/x/Ai which is the actual observable, is often called the effective prin- 
cipal quantum number, denoted v or n*. Often is taken modulo 1. A 
more appropriate formulation might be to write v as 1 / s + n,. where the 

running number = 0, 1, 2, ... is the number of radial nodes outside the 
core and ^ ^he effective principal quantum number of the first member 
of the series, if this can be identified. Thus for a hydrogenic atom is 

i + 1. 

The term values (6) can be incorporated into an effective Hamiltonian 
for the short-range interaction. 



= (7) 

nlA 



where the Rydberg eigenvectors |n/A) are referred to the core-fixed axes. 
More generally, it might be convenient to use a basis in which the Rydberg 
term value (6) is not diagonal, and then equation (7) is replaced by 



^eff = ^ (8) 

n'i'A'nJA 



For a cylindrically symmetric core with = Oin Hund’s case (b) (or 
= 0 in Hund’s case (a) or (c)), this expression has terms with A' = A 
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only. However for 0 (or ^ 0) there are also terms with A' — A 

= ±2A''’ (or that connect the +A'*’ and -A"^ (or +Q+ and ~fi+) 

components of the core. These terms will be largest for small values of A^ 
(or fi+). 

While the quantum defect has been introduced here as a short-range 
effect, actual observed quantum defects are derived from the ionisation 
potentials of the orbitals using equation (6) and contain both short- and 
long-range contributions. 



2. Approximate radial wavefunctions 

The non- relativistic bound- state radial w a vefu notions for a hydrogenic atom 
are [4, 5] 



= -[Z(n + /)!(n - 1 - 



< E 



(-)'{2Zr/re)'+'-^‘ 






( 9 ) 



Tliese are orthonormalised according to 

j Rnu{r)Rnl(r)dT = 6n>ny (10) 

the traditional volume density of being included in the wavefu notions. 
They have Ur = n — / — 1 radial nodes. The number of radial nodes is 
an adiabatic invariant for changes in the effective potential of the elec- 
tron, and so the radial wavefunctions (9) with non-integral n u and 
I ^ and appropriate changes from factorials to gamma functions, 
give an approximate representation of the radial wavefunctions of Rydberg 
orbitals. The radial nodes counted by are those outside the core. This 
use of non-integral I applies only to the radial wavefunction, not the angu- 
lar wavefunctions. It occurs because the short-range effective potential is 
no longer given by the centrifugal term /(/ -I- l)/2r^, but is approximately 
modeled by 

The radial nodes lie between the classical turning points of the motion. 
Since the classical path of a particle in a Coulomb field is an ellipse, the 
radial turning points are the perihelion at r^in “ a(l — e)and the aphelion 
at Tmax = fl( 1 + e), where a -is the semi-major axis and e the eccentricity. 
From the energy and angular momentum of a hydrogenic atom, these have 
the values a = n^/2 and e = [l — /{/-I- l)/n^]^'^. From these we deduce 



= i£±ll 

Z(i + e) 



(11) 
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n^(l + c) 

^max — 2 ^ 

Since |e| < 1, these equations show that, within a factor of 2, the inner 
turning point is determined only by / and the outer turning point is de- 
termined only by n. In particular, if the dimensions of the core (in atomic 
units) are less than + 1)/2Z, there will be no significant penetration of 
the core. Thus for any core there is a value of I such that orbitals with 
; > /min energies that are essentially Coulombic, with non-Coulombic 
corrections only due to the effects of the long-range potential (5). 

Another view of these qualitative considerations is obtained by consid- 
ering the first and last terms of the wavefunction (9). Here we consider 
n ^ / so that factorials such as (n + /)! can be approximated by n!n^Then 
the short-range behaviour of 

Here the only dependence on n is through from the normalisation 
factor. As a result, diagonal matrix elements of short-range operators, such 
as spin -orbit coupling, have an dependence on «, and comparison with 
equation (6) shows that these wiU give an approximately constant contri- 
bution to fiix. For a non-Coulombic potential, similar considerations apply 
with n replaced by v. 

With the same approximation, the long-range behaviour of fi^/(r)is 

Rn,{r) ~ ^ ~ <“) 

and this contains I only in the phase factor. 

3. Angular wavefunctions 

Our initial description of independent angular wavefunctions for the Ryd- 
berg orbital and the rotation of the core corresponds to Hund’s case (d) [9]. 
The molecular wavefunction can be regarded as a product of a core elec- 
tronic wavefunction, a vibrational wavefunction, the core rotational wave- 
function, and the Rydberg orbital wavefunction. Strictly speaking, this is 
an approximation because the effects of antisymmetrization with respect 
to all the electrons, required by the Pauli principle, are ignored, but these 
effects are usually small for Rydberg states. If / is a good quantum number, 
the angular wavefunction of the Rydberg orbital is 
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where (tf, are polar angle coordinates relative to space-fixed axes XYZ, 
is a spherical harmonic [1, 25], and fl^O) is a Wigner 

rotation function defined in Appendix A. The rotational wavefunclion of 
the core is [3] 





1 /2. 






( 16 ) 



where a,/3 , 7 are the Euler angles of the core-fixed axes xyz relative to 
the space-fixed axes XVZ, (0, a) being the polar coordinates of the axis 
of the core and 7 being the azimuthal angle of a reference electron, from 
which the azimuthal angles of all the other core electrons are measured. 
The denominator / dii is 



h-m 



da sin 0d0d^. 



(17) 



If only single- valued representations are considered, this is However, as 
discussed in Appendix A, when both single- and double- valued representa- 
tions are considered the Eule’r-angle space should be covered twice and the 
integral is 16x^. In either case, the value of / dil cancels out when matrix 
elements are calculated. 

It is usually convenient to couple these wavefunctions together to form 
eigenfunctions of the total angular momentum (apart from spin) = 
(N*^ - 1 - 1 )^ and its component H- to give wavefunctions 



/V+ 

A-*- 



^ \ = T \ 

tun/ ^ / \mi / 

mJfTni 



I 

iTii 



N \ 

mjv/ ’ 



( 18 ) 



where 



( 



JV+ M jV 






mi mjv 



) 



is a vector coupling coefficient (see Appendix A). 



The matrix elements of any spin-free internal interaction are diagonal in 
and mf^. 

The rigid-rotor Hamiltonian of the core is 



ffcor* = + [N^?] = 5n(N+)' - (19) 



and the centrifugal corrections to it are most naturally expressed in powers 
of [(N'*')^ — matrix elements of this operator are diagonal in 

the case (d) basis (18). On the other hand, the matrix elements of the mul- 
tipole expansion (5) and the short-range interaction (7) or ( 8 ) are diagonal 
or nearly diagonal in A, the eigenvalue of which is the component of 1 
along the core axis. The space-fixed components of 1 and N*^ are those of 
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independent systems, and their wavefunctions (15) and (16) depend on dif- 
ferent variables. The orbital wavefunctions of the Rydberg electron relative 
to core-fixed axes are obtained by a rotation depending on (a/J^), 

|l) = E|i>U«./ 3 .r). (20) 

and so are not independent of The (1, A) wavefunctions are actually 
spherical harmonics in variables (^',^), 



(/I a) = ( 21 ) 

where (<>',^') are the polar angles relative to core-fixed axes. The relation 
between and ( 5 ,^,a,/ 3 , 7 )is given by the spherical harmonic ad- 

dition theorem (reference [25], pp. 95-98). The inverse of equation (20) 
introduced into equation (18) gives 



I 

A+ 

= E 



ms / 






I 

mi 




If we now introduce equation (16), we can combine the two P(o,/?, 7 ) func- 
tions using equation ( 121 ) and use equation (16) again to get 



JV+ 

A+ 



N 



y-m 



iV 

m^rA 

N 

mfsjA. 



\ / 2JV+ + 1 ^ 
/\2N + 1 ) 

)(-)«(.', 



1/2 



/N+ 

\A+ 



) 



N 

A 



jV+\ 

A+r 



(23) 



The two kets appearing on the right correspond to wavefunctions in the 
variables and (a, 7 ), respectively, and can be treated as inde- 

pendent functions. The phase factor here agrees with that of Brown and 
Howard [3]. The differences in the phase factor and in the vector coupling 
coefficient between equations (18) and (23) are associated with the different 
commutation rules in the two sets of axes discussed in Section 4. 

Equation (23) gives the case (d) wavefunctions in the core-fixed basis. 
These contain a mixture of A values, and the energy of the Rydberg electron 
is not diagonal in this basis. On the other hand, the energy of the Rydberg 
electron is diagonal in the case (b) basis, 



/ N l\ N \ 

A / A / m/srA / ’ 



(24) 
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but the rotational energy of the core (19) is not diagonal. To include both 
energy contributions it is necessary to set up a matrix of the complete 
Hamiltonian in either basis, and diagonalise it. 

If we now consider the case when and N are large compared to /, 
we can use equation (132) to write (he first version of equation (23) as 



A+ 





N 

mN»A'^ + 




<;«(cos-‘A/|N|) 



(25) 



where - 7V+. From the vector relation N = N*** + 1, if |N[ and |N+| 

are much larger than |1|, then N and are essentially parallel to each 
other and to the direction of R, the rotational angular momentum of the 
core. Taking the component in the direction of R we get 



eR-l=N-N+ = lR, 



(26) 



and so Iji can be interpreted as the component of 1 in the direction of the 
rotational angular momentum R. This interpretation as a component of 1 
is consistent with the triangle relation -I < (A^-iV+) < /.The use of 
the case (d) quantum number Ifi was introduced by Weizel [23]. FoDowing 
Jungen and Miescher [12] it is often written as but the present notation 
is based on that of Nikitin and Zare [17]. 

For the usual situation of interest A < |N1, because the former is of 
electronic origin and the latter is mainly of rotational origin. In that case 
the d function in equation (25) is near its limiting value / defined by 
equation (133). Thus, as emphasised by Nikitin and Zare [17],’tSe pure case 
(d) electronic wavefunction can be written as 



I 

in 





(27) 



without reference to other quantum numbers. Returning to equation (23), 
we can write it without approximation as 



N-Ir 

A+ 




N N-Ir\ 
A A+ /■ 

(28) 



The sum over on (he right side reduces to a single term with = /a in 



the limit of large N. 



4 . Commutation relations 

In algebraic manipulations of the angular momenta, it is important to use 
the correct commutation relations between the different angular momenta, 
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and also between the angular momenta and the direction cosines of the 
core-fixed axes relative to space-fixed axes. 

The space-fixed components If of 1 and of [F = Z) obey 
the usual angular-momentum commutation rules 

H H 

(29) 

where epcH antisymmetric unit, tfon = +lif FGH are XYZ in 
cyclic order, tpoH = “1 if FGH are XYZ in antic yc lie order, epQfi = 0 
otherwise. As a result, the commutation relations for the total Np = -|- 

Ip are 

[iVjr, 

H H 

= (3a) 

H 

The core-fixed components /^and (o = a:,y, 2 ) are related to the space- 
fixed components by 

L = E'fV. = E = E^;v. = (31) 

F F F F 

where the direction cosines Xp^ are functions of the Euler angles (o, 
given explicitly by Wilson, Decius and Cross [24] in terms of their notation 
X) = The /f, which operate in (?, 0), therefore commute 

with the Xq^ and we have 



[fcr>y - ^^Pa^GpUpyh] “ * ^ ^Fo^GP^FGhIh - 
FG FGH 

where use is made of 

^€fch^F&^CP = (33) 

FG y 

and the fact that A is orthogonal with determinant H-1. 

On the other hand, the Xf do not commute with the and the 
equations 

H 



(34) 




302 



can be derived, for example, from the explicit forms of jV^ and the direc- 
tion cosines [24]. From these we derive the relations for the core-fixed 
components, 

FO 

= ^A^F[^Fa^^o]^G3 + + ^Gl^F'^Gp]^Fci} 

FG 

= * ^ {“^F^GFH^Ha^G0 + ^H^FGH^Fa^G0 + ^G^FGH^H0^Fa) 
FGH 

'r 

= (35) 

and by a similar calculation 

= ( 36 ) 

-r 

This failure of the core-fixed components of N*^ and 1 to commute is the 
reason for the impossibUity of diagonalising the rotational energy and the 
Rydberg orbital energy simultaneously. 

The net result of equations (32) and (36) is that the core-fixed compo- 
nents of the total N = N*'* 4* 1 and of 1 commute with each other, 

[N,,lg] = Q. (37) 

It is seen that in the core-fixed axis system N and 1 can be treated as 
independent. This is a consequence of the fact that they operate on differ- 
ent sets of variables, (ct,/?, 7 )and 0'), respectively. The total angular 

momentum obeys the relations 

[N., Nff] = IK f (38) 

[N,, = [JV+ + + 4) 

= (39) 

•V 

These relations show that N**" in the core-fixed system behaves somewhat 
like N in the space-fixed system, except that angular-momentum subtrac- 
tion [20] 



N+ = N - 1 



(40) 
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replaces the angular-momentum addition of the space-fixed system. This 
difference is responsible for the difference in the angular-momentum cou- 
pling between equations (18) and (23). 



5. Introduction of spin 

So far in this article the spin-free problem has been discussed. The inclu- 
sion of electronic spin adds extra degrees of freedom to both the core and 
the Rydberg electron, although the core electron spin can be ignored if it 
is a singlet. As far as the commutation relations are concerned, the core 
spin S'*" and the Rydberg electron spin s behave in the same way as the 
Rydberg orbital angular momentum 1 relative to the space- and core-fixed 
axis systems. On the other hand, the space-fixed components of the total 
angular momentum J = N -(• S’*" + s obey commutation relations as in 
equation (30) and the core -fixed components obey commutation relations 
like equation (38). The full details are not considered here. 

5.1. CORE ELECTRON SPIN 

Of the five classic Hund’s coupling cases, three [(a)-(c)] have the orbital 
angular momentum coupled to the molecular axis, and two [(d)-(e)] have 
the orbital angular momentum coupled to the axis of rotation. The latter 
situation typically arises only for Rydberg orbitals, and so a Rydberg state 
with a case (d) or (e) core is better regarded as a state with two (or more) 
Rydberg electrons, which we do not discuss here. For the present subject, 
this means that the core of a Rydberg state can usually be restricted to 
the three coupling cases (a)-(c), which are called (a'^)''(c'^)here. The good 
core electronic quantum numbers in these three core coupling cases are 

case(a+): E+ 

case (b+): A+, 5+, 
case (c'*’): 

Of course, = A"^ + is also a good quantum number in case (a). The 

quantum number in case (b'*’)is the component of S'*" along R, and is 
just for the isolated core. Sometimes there may be additional good 

quantum numbers such as the total orbital angular momentum quantum 
number i**" in case (a) or (b) (corresponding to ‘pure precession’ [19, 16, 14J) 
or the total electronic angular momentum quantum number J^in case (c). 
However, these quantum numbers are not essential for the definition of the 
coupling cases. 
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5.2. RYDBERG ELECTRON SPIN 

For a typical Rydberg electron the orbital angular momentum is coupled 
to the rotation, and Hund’s case (d) or (e) is appropriate. However, for 
low values of n and I the orbital angular momentum may be coupled to 
the molecular axis and then cases (a)-(c) may be appropriate. Thus all five 
Hund’s cases are possible, and in them the good quantum numbers for the 
Rydberg electron are 

case (a): i, A, s, <r 
case (b): /, A, 3, sr 
case (c): /, s, j, w 
case (d): i, Ir, 5, sr 
case (e): h Jr 

5.3. ROTATIONAL ENERGY 

It is now necessary to couple together the angular momenta of (a) the 
rotation of the nuclei, (b) the core electrons, and (c) the Rydberg electron. 
The total angular momentum is 

J = R + L+ + S+ + l + s, (41) 

where R is the angular momentum of rotation of the nuclei. Because a linear 
structure cannot have angular momentum about its axis, the component 
of R along the molecular axis is zero. The first-order energy of rotation 
is 

= + (42) 

However, this ignores the large second-order effects of L"** coupling between 
different core electronic stales, which have the effect of changing 

of the ion, as well as introducing other effects such as -doubling. 
Thus it is a better approximation to take 

= + (43) 



Here we substitute 

R = j - 8 - 1 - S+ ^ L+ = J+ - S+ - L+ (44) 

and the () signs mean that we drop terms that are off-diagonal in the 
coupling case of interest. 

Different expressions for Hroi are used in the different core coupling 
cases: 




305 

Case (a’*'): In this case we use R in the form 

R = J+ - S+ - L+ (45) 

and get 

Hrot = - 7/^ + S + ^ - S+2 + l+2 ^ 

Usually the term is considered part of the electronic 

energy because it cannot be determined from the spectrum. An ex- 
ception occurs for cases where the pure precession approximation is 
valid. 

Case (b+): Here we write R in the form 

R = N+ - L+ (47) 

and get 

- N+^ + L+"* - Z+*). (48) 

Again the term is usually transferred to the electronic 

energy because it cannot be determined from the spectrum, except in 
cases of pure precession. 

Case (c“^): Here we write R in the form 

R = J+ - Jj (49) 

and 

+ jf - Z+2). (50) 

In this case (he term — J^g^) is usually transferred to the 

electronic energy because it cannot be determined from the spectrum, 
except in the pure precession type of situation where is a good 
quantum number. 

5.4. COUPLING CASES 

The combination of three coupling cases for the core and five coupling cases 
for the Rydberg electron gives fifteen possible coupling cases for the whole 
molecule. Actually, these fifteen cases have further sub-cases according to 
different ways of coupling the core and Rydberg angular momenta together. 
These different cases and sub-cases are different choices of angular wave- 
functions that approximately diagonalise the Hamiltonian for different val- 
ues of the molecular parameters. More generally, each provides an angular 
momentum basis that can be used to set up and diagonalise the Hamilto- 
nian. In that sense, it is sufficient to have a computer program that can 
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set up and diagonalise a general Hamiltonian matrix in one basis. However, 
the coupling cases are useful in the more qualitative sense of helping to 
understand the different features of a spectrum for different values of the 
parameters. They also help to suggest which parameters can be determined 
from the spectrum in different situations. 

An exhaustive discussion of these coupling cases is not attempted here. 
Instead, some aspects of a few of the cases are described. For other cases the 
composition of the wavefunctions foUows from the same general principles. 



5.4.1. Case (a^a) 

In case the core-fixed wavefunctions are simple products 



5 + / 6 / 

A+ A (T mjfl / “ 




(51) 



where + A + <r. In this case is not a good quantum number, 

and so in the rotational energy (46) we must make the replacement 



(J+^ - Jt^) = J' - + 8^-sl + \^~ ll (52) 



which is diagonal in this basis. 

Equation (51) does not actuaUy belong to Hund’s case (a) for the whole 
molecule, because S is not a good quantum number. However, overall case 
(a) can be achieved by a transformation of the spin function, to give 



5 + 



A+ 

= E 

E+<r 



A+ 



> 



j 



5+ 

E+ 




(53) 



An example of a situation where this basis would be useful is in Rydberg 
states with a doublet core and with significant singlet-triplet splittings. 



5.4.2. Case fa+i.) 

The case (a^b) functions can be obtained from the case (a'*'a) functions 
(51) by the process of angular momentum subtraction, which gives 



S+ 

A+ E+ 



Is J — SR J \ 
X A+ -b E+ -i- A mj/ 





J 

ft 



J - SR 
A+ -b E+ -b A 
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In the rotational energy we have 

= (J - 8)^ - {J, - - ll, (55) 

which by construction is diagonal in this basis. 

In this case and s are quantised along different axes, and there is no 
simple way of transforming to functions with 5 as a good quantum number. 

5.4.3. Case ('a+dj 

Case (a'*’d) functions are obtained from the basic case (a*^a) functions (51) 
by angular momentum subtraction of both 1 and s, to give 

S'*’ I 3 J - 9f( - Ifi J — Sfi J \ 

A+ E+ A++E+ mj) 

vr_ »'+«'/ ^ '^1 \ 

^ K \-a ft| A++S+ + A/ 

In this case /■*■ = J — 3^ — is a good quantum number, and the case 
(a*^) rotational energy expression can be used directly. 

5.4.4. Case 

Case (a'*‘e) is obtained from case (a‘‘’a) (51) by coupling 1 and s to give a 
resultant], which is then subtracted from J: 




S'^ I s 3 J -3R J \ 
S+ A+ + S+ mj/ 



Xau/Cl 



A+ 




s 

a 





J - 3R \ 
A+ + S+ / • 



(57) 



Again J+ = J — is a good quantum number, and the case (a"*") rotational 
energy expression can be used directly. This is the coupling case considered 
by Lefebvre-Brion [13] for Rydberg states of the hydrogen halides, where 
the core is the ground state of the cation. 



5.4.5. Case (b^b) 

If the core electron spin is uncoupled from the molecular axis, it is unlikely 
that the Rydberg electron spin will be coupled to the axis, as in case (b^a). 
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Thus case (b''’b) should be more common than (b'*' a). This is the case 
considered in Section 3, but we now consider the inclusion of spin. It can 
be derived from case (a‘*"a)(51) by successive subtraction of s and S'*'from 

J: 



5+ 



A+ 



J - SR- 

A+ + A 



= E 



\ 


5+\ 


l\ 


s\ 


A+; 


S+/, 


A/ 





J - SR 



J 

mjQ 



J 

mj 






s J 

-<j n 
5+ 
E+ 



(i 



J - 3R \ 
A+ + A + E+/ 
J - SR I 

A+ + A + S+1 



J - SR -S-^ 
A-*- + A 



)■ 



(58) 

In the rotational energy reduces to (N^ — + P — /^) in this 

case, and N and have the good quantum numbers N = J — - 5^ 

and A = A“^ + A, repectively. 

The total electron spin S is not a good quantum number for these func- 
tions. Functions with good S can be obtained approximately by coupling 



using 



5+ 

St 



six-y symbol 




coefficient is asymptotic 
are not considered here. 



More accurately, they should be coupled with the 

5 S 

J — Sd — So 
al^ 



, to which this vector coupling 

^ J 

y related by use of equation (138). The details 



5.4.6. Case (b^d) 

In case (b^d) the core electron spin and the Rydberg orbital and spin 
angular momenta are coupled to the rotational axis. This can be derived 
from case (a*^a) (51) by successive angular momentum subtractions, 



A+ 



5+ I S J - Sr - Ir- St J - Sr- Ir J - Sr J \ 
A+ mj / 



A^)l^:>li)|:)Un) 

/ s J \ J - Sr\ /-.l+X / i 
\-ff fil ft.-ff / ^ ^ \- 






5+ 

-E+ 



J - Sr 
A a-(T 
J ~ Sr- Ir j -Sr-Ir-S^ 
A+ + E+ A+ 



A+ + E+ 



) 

(59) 



Here the case (b***) rotational energy can be used unchanged, with good 
quantum numbers ^ J ^ $r ^ Ir ^ St ^d A"*". 
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As noted above for case {b‘**b), these functions can be coupled to form 
eigenfunctions of the total spin by using the same six-y symbol. 

5.4.7. Case (d) to (e) transformation 

The wavef unctions for the Rydberg electron in cases (d) and (e) give the 
following transformation coefficient between them 



I S j J- JR J 
n*'* mj 



J - SR - Ir J - SR 



mj / 



= + 1)(2J - 



(■ 



I ^ J 

J J - Sr - iR J - Sr 



I s 
Jr] Ir Sr 



(60) 

( 61 ) 



where the second result follows from equation (138). In the limit, this trans- 
formation therefore behaves like a simple vector coupling. 



6. Efl'ective Hamiltonian and matrix elements 

The effective Hamiltonian for an open- shell diatomic ion is already quite 
complicated [2], and the addition of a Rydberg electron gives further com- 
plications in the form of both pure Rydberg contributions and Rydberg- 
core interactions. Here we consider only the pure Rydberg terms and the 
interactions with the core rotation. Only terms diagonal in the quantum 
numbers n and I are considered. 



6.1. SPHERICAL TENSOR OPERATORS 

Because of the near-spherical symmetry of the electron-core interaction, it 
is useful to represent the effective Hamiltonian in terms of spherical tensor 
operators [1, 25, 7]. A set of functions T^j(X)of some operators X form 
a spherical tensor of rank J with components thj if they transform under 
a rotation R{al3^) = according to 

R(c0-l)Ti/Xmal3-i)]-^ = (62) 

rh:, 

Here a hacek (’)is used to distinguish operator indices from the quantum 
numbers of w a vef unctions. Note that if the operators T^j{X) form a spher- 
ical tensor of rank J, so also do CT^j(X) where C is a scalar. Thus the 
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magnitude of \T^j{X)\j which might be defined by 

\T^X)\^ = I + [r4(X)]f7;^/x)}, (63) 



is not fixed by equation (62). An example of a set of spherical- tensor op- 
erators of rank I is provided by the spherical harmonics which 

have magnitude 

For this reason modified spherical harmonics 

cU^><t>) = (65) 



are often used. According to the Wigner-Eckart theorem [1, 25, 7] the ma- 
trix elements of a spherical tensor operator are 

( 66 ) 

where the reduced matrix element J) is 



(-mi I 



(yiir-^(X)ii/) 



m'jmjmj 



j' j 

-m'j mj 






(67) 



although it is usually easier to determine {J'||!r^(Jf)||/) from one compo- 
nent of equation (66). It is assumed in the derivation of equation (66) that 
the eigenvectors transform according to equation (114). As an example, the 
reduced matrix elements of the modified spherical harmonics are 

(('llcV,0)llO = [(2/' + l)(2( + l)]'/'(-)''(J,' I '). (68) 

The definition (62) is equivalent to the commutation relations 

[Jz,TijiX)] = rhjTi^iX), (69) 

(J±,r^(.V)] = (J(7+ 1)- l)l'^='T^i,(X). (70) 
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where ± tjy. Thus any component T^j{X) can be generated by 

successive uses of the stepping-up version of equation (70), 



Ti,{X) = 



(2J)!(7 + *j)! 






An important set of tensor operators are the angular momentum op- 
erators T^^(J) for integer J and mj, which are generated by means of 
equation (71) from the component Tfj(J) defined by 






and it can be shown that 



so that in particular 






The operators for ,7 = 1 and 2 are 

rii(J) = yo(J) = Jz (75) 

r| 2 (J) = ^4. 4i(J) = + J±Jz], 

7^(J)=^(34-n (76) 

and the rhj 0 components for J = 3 and 4 are 

ro"(J) = - 1) - - 2)1, (77) 

7^(J) = ^[354(4 - 1) - 304(J" - 2) + 3J^(J^ - 2)]. (78) 

In general, the leading term in descending powers of J 2 is 
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The reduced matrix element of T*^(J)is 



(Jlir*^(j)ll j> = j! 



(2J + J + 1)! 
2\2J)\(2J - 7)! 



while the magnitude from equation (63) is equivalent to this expression 
divided by {2J + or 

S)'-' - 2) ■ ■ ■ [j^ - - 1)] • 

(81) 

These relations correspond to one choice of the overall scalar factor 
in the definition of the spherical tensor operators T^^,but clearly it is 
possible to rescale the operators without changing the tensor character. 
For example, by suitable scaling, the rhj = 0 component (79) could become 

The vector coupling coefficients defined in Appendix A can be used to 
couple together spherical tensors in order to produce new spherical tensors. 
For example, it is readily shown from equations (62) and (121) that the 
quantities 






forms a spherical tensor component with indices j and mj. 



6.2. ORBITAL ENERGIES 

The charge-dipole term in equation (5) is 

= (83) 

The selection rules on the three -y symbol in equation (68) are that (T//) 
should form a triangle and that /' + / + / should be even. Thus the matrix 
elements of the charge- dipole term (83), which has / = 1, satisfy the rule 
A/ = 1' - / = ±1, and so are off-diagonal in i The effects of this term are 
considered below. 

The other tensor terms given explicitly in equation (5) are proportional 
to Cq{6\4>') = 5(3cos^ 5' — 1), and higher terms contain the higher-rank 
operators <p'). For even / these contribute in first order to the effective 
Rydberg Hamiltonian, with matrix elements 

= + , )(-)>(' j ' '). (84) 
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This matrix element is diagonal in I and A, and the only quantum numbers 
that it depends on are / and A. It can therefore be treated as the matrix 
element of an equivalent angular momentum operator that is a func- 
tion of only P and Ig. This equivalent-operator representation, which is just 
a manifestation of the Wigner-Eckart theorem (66) in the form 






_ {1\\t‘{9',4>\p9',pM / I 
mmwi} \ a ' 



Tiii) 



(85) 

can be extended to matrix elements off-diagonal in A, but is restricted to 
matrix elements diagonal in /, because the matrix elements of any function 
of 1 are diagonal in /. With the use of equivalent operators, the angular part 
of the effective Hamiltonian reduces to a pure angular-momentum problem, 
with no explicit occurrence of the angles. 

The matrix elements of the short-range interaction (7) are diagonal in A, 
and therefore they can be expressed in terms of core-fixed spherical tensor 
operators with A = 0. Because the terms considered here are also diagonal 
in /, these operators can be represented by equivalent operators (85) that 
are functions of F and Ig. Thus, whether we consider the long-range or 
short-range interaction, we can write this part of as 



= E (86) 

I «ven 



where the restriction to even /foDows from time-reversal symmetry. In ad- 
dition, it can be shown [26, 22] that the second-order effect of the charge- 
dipole term (83) makes a contribution that can be represented by an equiva- 
lent To(l) tensor, and so gives an additional contribution to Cj,and similar 
considerations must apply to the other /-off-diagonal terms of equation (5). 
Thus, in practice, the are a set of coefficients that are fitted to the 
observed or calculated term values. 

As an example of the matrix elements of these terms, let us consider 
the matrix elements of T’j(l) between the case (b'^’d) functions (23). This 
allows us to ignore the spin functions. The core quantum number JV”*" is 
just N — /ft. With the use of equation (124) we get 



( 



A+' 



I' 



N' 

m'fj 




N~Ir 

A+ 



/ 



ATV 

mjs; / 



= + l)(2iV' - 2ln + 






I 



I N-Ir\ 

-A A+ y ■ 



(87) 
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If we consider the limit when is large and /Jj, /, A, A'‘'^and A“^ 
are small, we can use equations (120), (132) and (138) and the symmetry 
properties of the n^-symbols [1, 7, 25] to get 

V N' 

\ A+' mV 

and this can be written 

I' jV' 

~^WW^m'„n>;.<5MA+',A+-x(/y^4-)^(l)|;Jj)A^_,^. (89) 

For the case of the pure orbital terms (86) of the Hamiltonian we have 
A = 0, and so the matrix elements diagonal in A^+, or alternatively in 
are 



rl(i) 



N-Ir 

A+ 



N 

rriN 



T((l) 



N -Ir I N 
A"*" m^^ 



N-Ir 

A+' 



N 

niN 



ri(i) 



!^-Ir 

A+ 






I N \ 

mfsj / 



(90) 



For example, let us consider the case / = 2, which has Aqq = — j* Then the 
second-rank tensor operator that has diagonal matrix elements A^- 5 /(/+l) 
in case (b) has diagonal elements — + 1)] ii' limiting case (d). 

The effective Hamiltonian of equation (86) can therefore be written 



5eff = ^ C^ro(l^,/,) for low rotation, 
f even 

foe high rotation. (91) 

f «ven 



6.3. SPIN-ORBIT COUPLING 

The principal spin-orbit interaction of the Rydberg electron depends on 
two terms. 



Hfo — “t“ H" 



(92) 
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Again, this is an equivalent-operator representation for the terms of the mi- 
croscopic spin -orbit operator that are diagonal in / (and s). For the coupled 
spherical tensors constructed according to (he rule 






I ^ A 

\ C W / 



(93) 



we have 

o(l,9) = • 9, o(l,s) = - 1 ■ s). (94) 

Then the principal spin-orbit terms become 

+ 2A^nU) + ^(A\\ - (95) 

The first step in the calculation of the case (d) matrix elements of such 
terms is similar to that of equation (87), while the second step introduces 
a nine-y symbol by use of equation (126). The matrix element is diagonal 
in / and s, and can be written 



J'-^r 






m 



T“iiu) 






j 



^ S Tt tS 






[( 2 J- 24 + l)(2J-29fi +!)]»/* 
x((2J - 2s'n - 2l'n + 1)(2J - 2sf, - 21r + l)(2j + 1)]’/* 

J - ^'r-^'r 3 ^ -SR- Ir 

I i I 
y — ajj i J — Sr 

J - ^R- Ir 



fa a ^ I 
^{j-3R J J-s'rI 

I, _fi+' 



)■ 



(96) 



This formula simplifies greatly if the asymptotic expressions for the nj 
symbols from Appendix B are introduced. The result can be written in the 
form 



( 



J'-s'R-l'n J'-s'r- J' 






m‘ 



rpli) fl ^R ^R J ^R J 

^ mj 






,’jmj 






I 3 
AIr Asr 



Ajh 



Al 



wMr * 

(97) 
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In particular, if we consider the case / = i = l,the matrix elements diagonal 
in case (d) reduce to 



= Irsh 



0 



^00 — (98) 

^ao = -:^insR- (99) 



When these approximations are used, the limiting diagonal case (d) matrix 
elements of become simply 

J -Sf, J 

mj 



J - Sr- Ir 



H. 



J - »R-iR J - SR 

fl+ 



J 

mj 



= A-^Irsr. 



( 100 ) 



More generally, the high- rotation approximation for is 

Hs^ = 1(^“ + >1-L)(1 ■ 8 - Ir3r) + A^Irsr, (101) 

and {1 • s) = IfiSfi in case (d). 

This high- rotation spin-orbit Hamiltonian also has matrix elements with 
A/ft ^ ±1, Asft = Often the levels connected by these matrix elements 
are well separated by the pure orbital energy (91), and the effects of these 
matrix elements are small. However, if the levels are close together, possibly 
due to a cancellation of contributions, the coupling may go over to case (e) 
for the Rydberg electron, in which y is a good quantum number, and 

l-8=llj'-l'-8'] (102) 



is diagonal. In this case /fts/j has matrix elements off-diagonal in y, but 
diagonal in the other good quantum number 

To evaluate the matrix elements of in a case (a"*’e)or 

basis, we calculate the spin-orbit coupling to introduce a nine-y symbol 
following equation (5.68) of Zare [25], and then the remainder of the calcu- 
lation is similar to that of equation (87). This gives 



V s' r j'-j'R J' 






m 






i S 3 J - }R J 
n+ mj 



xl(2j' + i)(2j + l){2j + 1)(2J - 2J'r + 1)(2J - 2jn + 1))'/^ 

; i i)('7‘ i 



3 J -3R 
-ft+' -w 



")■ 



( 103 ) 
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At high rotation the six-y and three -y symbols here can be approximated 
by the asymptotic expressions in Appendix B. The formula becomes 



( 



I s r j-j'ft j 
mj 



,f } j 

x[(2j' + l)(2j + l)(2j + 1)]^^^ ^ 3 I « 

I i I 



I s j J - jR J 

mj 






J 



-Jr Ajfl jRj 






(104) 



This equation can also be derived from equation (97) by transforming from 
the to the quantum numbers. For the pure spin-orbit 

terms, w = 0. 

Because the Rydberg case involves 3 = y = i ± 5, these formulae 
simplify greatly in practice.. For example, the limiting case (e) diagonal 
matrix elements of can be obtained from equation (101) by substituting 
the expectation values 

l-s = -i{l+l), = f 0 Tj=l-l, (105) 

1-3=11, fori = 1+1. (106) 



6.4. COUPLING WITH CORE ROTATION 

The principal effective coupling terms of the Rydberg electron to the ro- 
tation of the core are of the type ^1 • (R) and ys • (R), where (R) is the 
appropriate value of J**" — S'** — for the core coupling case. For non- 
penetrating Rydberg orbitals, it has been shown (22] that the effects of 
the charge- dipole term (83) in third order of perturbation theory give a 
contribution 

p(i+if' 

where jx is in atomic units. There are other contributions for penetrating 
orbitals. At high rotation these terms become approximately ^(/?|R| and 
73fl|R|, respectively. 

Other terms representing the Rydberg-core -rotation interaction are A- 
doubling terms such as -h Hermitian conjugate) and 

+ l^Sx.R+ + Hermitian conjugate). If the core is cylindrically 
symmetrical, the subscripts of such terms wiU add to zero. However, it is 
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easy lo consider the general case, which allows for non-zero angular mo- 
mentum of the core. If for simplicity we consider a case (&■*■) or (€■•■) core, 
this gives an operator of the type 



1 

2 





K J^\ 

ft n+/ 



-I- Hermitian conjugate , 



(108) 



where R has been replaced by the case (a^) vector J+. Usually ^will be 
just |ft|. 

Finally we must also include terms with centrifugal correction factors 
cf the type which will be taken as in the present case. 

Thus the effective Hamiltonian is taken in the form 



= \ E C{h}kJ^(l*p) 

X {ii(i)r|(3)if (J+)(J+" - Jty 

+(j+^ - (j+)nT’i(8))'[7i(i)]^} . 




^ J+\ 
ft a+ / 



(109) 



Here the are a set of real molecular parameters, the index 

p corresponding to centrifugal terms and the other indices being tensor 
indices. For many terms the index fl'*’ is 0 because of cylindrical symmetry 
of the core. However interactions connecting the | ± components of 
the core can exist, and these would be given by terras with fi'*’ = 
provided that these terms are multiplied by operators on the internal core 
variables of the form (± fi ■•*}(:? to preserve overall cylindrical symmetry. 

To evaluate the matrix elements of equation (109) it is sufficient to 
consider the first term in the braces. Then the matrix elements of the 
Hermitian conjugate term can be obtained from the Hermitian conjugate 
of the first matrix. 

The use of the core-fixed version (56) of the wavefunclions to calculate 
these matrix elements is complicated, because J+musl be written as J— s— I 
in T^(J‘‘’), which must then be expanded by the binomial theorem, to use 
the known matrix elements in the basis with quantum numbers /, X, a, a, 
J and ft. It is easier to express /f«ffin terms of space-fixed components, 
giving 
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X E 



I 

ihi 



s 

^6 



J 

ih> 



K 






i W ; 

l; / \ tflj 

H-Hermitiaa con jugate J. 

The space-fixed version of the wavefunctions (56) is 

f 5 J - 5r- Ir J - Sr J \ 

'nj / 



(110) 



= E 



J -Sr - in J -Sr 

n+ 

J -SR ~Ir 
mj -m,- mi,Q* 



mj 

I 

mi 



s 

ms 



X 



) 

/ J - Sr- Ir I J - SR \ / J - 
\ mj — tUs — mi mi mj — m, / \ mj — 



- 

m^ 



3 



/ 

mj 



( 111 ) 



where J - sr - Ir = J'^ ^ and the internal quantum numbers of the core 
have been omitted. Using these wavefunctions we find that the matrix is 
diagonal in I, s, J and vxj. The matrix elements of the tensor operators are 
calculated from equation (66) and of the V function from equation (119). 
The extensive sums ova* three-y symbols can then be represented in terms 
of two six-y and one nine-y sybmols, using equations (124) and (126). We 
can write the result as 



( 



y - - /r j - Sr 



n+' 



J 

mj 






J - SR - Ir 

ft+ 



J - SR 



J 

mj 



) 



Y, C(/liA-J+ft+p)[(2J+ + 1)(2;+ 1)]‘/' 






x[(27 - 25 'r - 21'r + 1)(2J - 2$r - 21r + 1)]>/^ 
x[(2J - 2 s'r + 1)(2J - 2sr + l)]i/* 

J - s'r-I'r } J - SR- Ir 
I I I 
J — s'r 8 J - Sr 




(-• 



j+' 

-A+ 



J+ 

ft+ 



) [y+(j+ + 1) - n+Y 
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/ J+' J+ J+ ^ 
[-Q+' Cl+ fl+J 






( 112 ) 



where J+ = J — J+' » J - 5 ^ - /^.This use of (he space-fixed 

wavef unctions is similar to Brown and Howard’s recommendation [3] that 
all matrix elements should be calculated in this way. However, the usefulness 
of this suggestion probably depends on the problem being considered. The 
use of core-fixed operators has the advantage that the Hamiltonian does 
not contain the Euler angles exphcitly, and if it is expressed in terms of 
commuting angular momenta, such as 1, s and J, the evaluation of the ma- 
trix elements is simplified. However here, where we are considering angular 
momenta 1, s and J'*’, that commute in space- fixed axes, it is advantageous 
to transform to space-fixed axes. 

With the introduction of the asymptotic expressions from Appendix B, 
equation (112) becomes 






ft+' 
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2 



J 

mj 



Htft 



J - Sr - Ifi 



J - Sr 



J 

mj 
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Ir 

} 



s 






) 



} 

A;'ft 



K 

0 



6 

Aifl/ 



fjj/v J+ ft+p 

x/ ' 

X [(/+|lT%+)||J+)(2/+ + l)-’/’ 

+ 1) - 

+ 1) - ] 



(113) 



Thus, apart from the sum over Hermitian conjugates, the matrix of the 
term with coefficient C{hjkJ'^(l'^p) reduces to a simple product. This 
assists in the qualitative understanding of the effects of each term in the 
high-rotation limit. 



7. Summary 

With the increasing resolution of new experimental techniques, it has be- 
come possible to overcome some of the congestion in Rydberg spectra and 
to analyse the rotational structure. This article has reviewed the algebra of 
some of the different coupling cases involving the angular momenta of a Ry- 
dberg electron with the electronic and rotational angular momenta of the 
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core. The characteristic behaviour of most Rydberg states corresponds to 
Hund’s case (d) or (e) for the Rydberg electron, and the use of the asymp- 
totic approximations given in Appendix B provides a qualitative physical 
picture of the interactions in the different coupling situations. 

A. Appendix: Rotational Functions and Coupling Coefficients 

As a preliminary to the derivation of the asymptotic formulae in Appendix 

B, the Wigner rotation functions and various coupling coeffi- 

cients are defined here. More extensive information on the properties of 
these functions can be found in references [1] and [25]. In particular, the 
sign conventions here agree with those of Brink and Satchler [1] and Zare 
[25]. 



A.l. WIGNER ROTATION FUNCTIONS 



The Wigner rotation functions are matrix elements of the rotational oper- 
ator 



km7) i )= 
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1>inn(oP‘f) ( 114 ) 



where 

= (115) 

and the matrix element of given by 

dU0) 

^ ■ my.jj ^ ny.jj - 

j 0 + tn — f)!(j “ n — t)!(i + n — m)!<! ^ 

(116) 



with c = cos(/?/2), s s: sin{/3/2),and t runs over all integers that do not give 
factorials of negative numbers. The right side of equation (116) contains a 
finite hypergeometric function of the type tie shown that 

[VUa0-,)r = (-)'"-"Pi„.„(a/?7). (H?) 



Important properties of the rotation functions are the integrals 

= j J J 



(118) 
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(119) 



where dil = da sm 0d0d-y . Usually the value of ///dfi is given as 8ff^, 
which is correct for single-valued representations, but actually the Euler- 
angle space must be covered twice to give the correct orthonormality re- 
lations (118) when both integral and half-integral quantum numbers are 
considered. Then / / f dSl = 16ir^. 



A.2. VECTOR COUPLING COEFHCIENTS AND THREE-7 SYMBOLS 



The quantities on the right of equation (119) are Wigner three -7 symbols, 
which are related to vector couphng coefficients by 




The vector coupling coefficients can be used to couple D functions together 
according to the equation 



TJlfTV' ' 

(121) 



Spherical tensor operators can be coupled in a similar way, as discussed in 
Section 6. Racah’s formula for the vector coupling coefficients is 



{a ^ I 7 ) " 

x[(2c + l)(o + q)!(o - Q)l{b + 0y.[b - 0)\(c + 7)(c - 7)!]^^* 

X - ^ + “ + <)!(«> +0-ty- 

t 

x(c-a-0 + ty.(a + 6 - c - (122) 



where 



. {-a + 6 + c)!(a-6 + c)!(a + 6-c)n'/* 

(^Trr^fTj! 1 



and / runs over all integers that give factorials of nonnegative numbers. The 
right side of equation (122) contains a finite 3/3 hypergeometric function. 
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A.3. SIX-i SYMBOLS 
The six-y symbols 






can be introduced in a symmetrical way by 



z' e f °\( f d b\( d e c\ 
<f> c.) [-d> 6 0) \-S e -1) 

-{I 



b ^ I ^ ^ 



d e f j \a 0 y/' 

Racah’s formula for six-y symbols from equations (3.22) and (3.15) of ref- 
erence [ 1 ] is 



{d € j} = (-r'-'‘'^“A(«6c)A(«e/)A(d6/)A(de^) 
xY,i-Yia + b + d+e+l-t)\ 

t 

x[(f!(c + /— a — d-i- 0 !(c+ / — 6 — e-i- f)!(a-#- 6 — c — ^)! 



(125) 



which involves a finite 4/3 hyper geometric function. 
A.4. NINE-J SYMBOLS 

The nine*y symbols can be introduced by sums such as 
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In terms of six-y symbols they are 

: : ? I 2 i '}{} i c}' 
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k 



(127) 

The nine-y symbols do not appear to be expressible as simple hypergeo- 
metric functions. 



B. Appendix: Asymptotic Coupling Coefficients 

In (he study of molecular Rydberg states the situation often arises where 
the rotational angular momentum R of the core is much larger than the 
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Other angular momenta. The other angular momenta such as J, and 

N"*" that contain R are also large. The various coupling coefficients (hen 
take more simple approximate forms that are considered in this Appendix. 



B.l. ASYMPTOTIC VECTOR COUPLING COEFFICIENTS 



For the vector coupling coefficients we can use equation (122) to evaluate 



I A h C 
\l-0 0 7 






where upper and lower cases are used to distinguish the large angular mo- 
mentum quantum numbers, A and C, and the small one, b. The approxi- 
mation 

(X±n)!ssX=^'*A:! (128) 

is valid as long as n is small and X is not very smaD. If his smaU, so also are 
/3 and, in equation (122), r, which must lie in the range 0 < t < 6-I-/3. Also, 
from (he triangle condition, \C — A\ < b. Now in equation (122) (A + 7-'^)! 
and (C-h7 — 6 - /3 + f)! contain arguments that differ from (C + 7) only 
by small quantities. Thus equation (l2S) can be used to give 



[(A + 7-/?)!(C’ + 7)!|»/^ - UC + ,'ll/2l('4+-r-<3)+(C^+-»)-2{C+'r-6-,?+0 

(C + 7-6-/? + t)! J 

•= ((C + 7)>/2|26+/1-C+/J-2« (j29) 



Similarly 



((^-7 + ^)!(C~7)!]*''^ ^ _ s1/2|(^_,+/3)+(C-y)-2(/1-7+/3-*) 

(A-7 + /3-J)! 1 

= [(C-7)'/2]^-^-*J+2«, (130) 



If we now put 

(C + 7)‘/*=(2C)^/^cos 0/2, (C-7)‘/2 = (2C)‘/*8m^/2, (131) 



we see that the sum in equation (122) becomes the same as that in equa- 
tion (116) for a suitable choice of quantum numbers. With some further 
use of equation (128) in the overall coefficient we obtain 

(i (132) 

where 0 = cos** 7/|Cl % cos”*7/(C' + j) is just the angle between (he 
angular momentum C or A (which are essentiaDy paraUel because b is 
smaD) and the direction of quantisation of a, /3 and 7, 
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In the Rydberg context, d0Q^^{9) is the matrix element relating the 
components of b along the z axis to the components along the axis of 
rotation R. We are usually interested in cases where (7! c C, and so 
6 /2. In particular, the matrix is de&ied as 

Ai,, H 4n(^/2), (133) 



and then 

dU-’r/2) = (-r-"AL- (134) 

These functions Ai^„ are tabulated for j < 5 by Varshalovich et ai [21]. 
The quantities A^ are of particular interest. They exist only for integer y, 
and have the values 



The first few non-zero A^ 



)i/^y!/2J[(y/2)!)^ if y is even, 

0 , if y is odd. 


(135) 


are 




.2 _ 1 - 2 A® - 5 

^00 “ 2’ ^00 “ ^00 - Te* 


(136) 



B.2. ASYMPTOTIC SlX-7 SYMBOLS 



In Racah's formula (125) for six-y symbols we assume £, and / are large, 
dtf — ► DEF^ Examination of the eight factorials in the sum in equa- 
tion (125) shows that only two involve net large quantities, and from equa- 
tion (128) their ratio is 






(137) 



This is independent of r, and the resulting sum in equation (125) can now 
be identified with that of equation (122) for suitable values of the quantum 
numbers. Further reduction with equation (128) and conversion from the 
vector coupling coefficient to a three -y symbol gives 



\D E Fi'~ (2;^ + 1)1/3 \F-E D-F E-D) 



(138) 



where X ^ \(D E + F). Again, the significance of the differences in the 
large quantum numbers as components of the small angular momenta along 
the essentially parallel vectors D, E, and F is apparent. 



B.3. ASYMPTOTIC NINE-J SYMBOLS 

In the case of nine-y symbols, we consider the case where the four “comer” 
angular momenta are large, while those in the “Swiss cross” across the 
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centre are small. If we expand in three six-y symbols as in equation (127) 
we find that two of the six-y symbols involve large angular momenta, for 
which equation (138) can be used, and one involves only small angular 
momenta. Afterwards, we can use the third equation of p. 141 of reference 
[1]. The result is a simple product of three-y symbols 

(A b C 

Id e f 

[G h I 

.. / b e h \[ d e f \ 

" (2A- + 1) \C.-A ( G~l)\G-A € C-l)' 

(139) 

where X a \{A + C + G + 1) and ( = A~ C - G + I. 
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1. Introduction 

High molecular Rydberg states have an electron revolving around an ionic core which 
has an internal structure. This chapter discusses the dynamical manifestations of the 
coupling between the Rydberg electron and all the other degrees of freedom of the ionic 
core. In particular we will argue that high molecular Rydberg states access an electronic • 
nuclear coupling regime which is complementary to the usual, Bom Oppenheimer, 
scheme and therefore provide a unique opportunity to examine a hitherto not well 
explored dynamical landscape. Other experimental phenomena which are relevant include 
the delayed ionization of large molecules [1] and aspects of charge separation and 
migration in large systems. From a theoretical point of view what we will be discussing 
is dynamics in a very congested phase space, coupled to a continuum [2]. 

The essential phenomena we discuss is more intuitively obvious in large 
molecules. If a large molecule, isolated from external perturbations, is optically excited 
to just above the threshold for ionization there is not a 100% prompt ionization. [3] If 
one lowers the energy below the threshold then Rydberg states, which should be there, 
are not detected. The excited electron, whether it could escape on its own or is weakly 
bound and can only be set free by the application of a low external field, has 
'disappeared’. The quantum yield for formation of unbound, or nearly so, electrons is 
below unity, often much below. 

The physics of the process is that either the electron did initially acquire the 
pumped energy but that it communicated some of it to the molecular core cr that even to 
begin with some of the energy is in the excitation of the core. The higher the density of 
states of the core, the less probable is the return of the energy from the core to the 
electron. What is new is the time scale. The orbital motion of a high Rydberg electron 
is slow corrq)ared to the vibrational or even the rotational motions of the molecular core. 
The characteristic, so called, adiabatic, parameter is the ratio of the two periods, 
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X^lnr? <on^ where o> is the frequency of the core motion to which the 

electron is coupled and n is the principal quantum number so that the orbital period of 
the Rydberg electron is in au. For an unbound electron, the properties of the 

Coulomb potential [4] allow « to be defined just as for the bound states except for a 
change in sign, £ » Ry I n* where Ry is the Rydberg constant, 0.5 in au. A just above 

threshold electron also has a high n . This chapter deals with the dynamical regime 
X>^ * figure I, whereas valence electrons are typically in the adiabatic, 

regime. 




n 

Figure I. The orbital period, 2nn ^ of the electron, solid line, vs. the principal quantum 
number n and the period of internal motions of the core, 27t/0) *as indicated by dashed 
lines. Since x » <i) n the Bom - Oppenheimer regime y < 1 is to the left of the 
solid line. The n value for the onset of the inverse Bom - Oppenheimer regime for a 
given mode is when the corresponding dashed line crosses the sohd line. The lower is 
die frequency of the motion of the core, the higher in n is this onset. 
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A Bohr Sommerfeld orbit of a hydrogenic electron is elliptical. The classical 
distance of closest approach is n{n - (n^ - 1(1 + 1) / 4)*^^ ) or about 
/(/ + 1) / 2 au when t<n. At (he other end of its orbit (he electron is « au far 
from (he core. The high Rydberg electron can only effectively couple to a molecular core 
when it is near to it, i.e., once per an orbit of low I . The exceptions are dipolar cores 
because (he electron - dipole coupling has the same range (viz. r"^) as the centrifugal 
barrier [5] , see figures 4 and 5 below. Otherwise, during most of its orbit a high n 
electron is decoupled from the core. By itself this already serves to make for a long 
lifetime of the electron. Beyond (hat, it is not necessarily the case that in every passage 
near the point of closest approach the Rydberg electron is scattered by the core. 
Semiclassically the orbital period is inverse to the spacing between slates of adjacent n 
's. If the perturbation is as frequent as the period, the Rydberg states would be 
overlapping as n would completely lose its role as a 'good' quantum number. As 
indicated in figure 1, the observed lifetime of a high Rydberg electron is two or more 
orders of magnitude longer than its orbital period. However, the high resilience to 
coupling to the core due to the large spatial extent of the orbit makes the high Rydberg 
electron very susceptible to external perturbations. Indeed it acts like a huge antenna, an 
antenna with a frequency which is low enough to be susceptible to stray signals, cf. 
figures 10 and 11 below. 

Time resolved ZEKE (ZeroElectronKinelicEnergy, i.e., n»\) spectroscopy [6] 
is ideally suited for the study of the delays and new lime scales made possible in the 
X > I regime. Because our work originated with such experiments [7] we will adopt a 

time dependent point of view in much that follows. We will , however, also discuss 
ZEKE spectroscopy [8-13] as such and the lime dependent point of view will turn out to 
be useful also for computing the spectra, if only for the operational reason that ZEKE 
spectra do vary with time [14] and it is only by using a long (many jis's) delay before 
detection that the spectra become time independent. Indeed, the very fact that the spectra, 
(except for its overall intensity), eventually cease to change tells us something quite 
interesting about the time needed to representatively sample phase space. 
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Since the veiy phenomenon is about the electron getting lost in a congested phase 
space, a fully quantal approach is computationally demanding because one needs to 
handle the dense manifold of stales that gives rise to the congestion. We discuss the 
various options, including the use of classical mechanics. Currently, much of the 
detailed experimental results is about smaller molecules, primarily diatomics or aromatic 
polyatomics. For diatomics one is reaching the situation where a fully detailed quantal 
approach is feasible [10, 15, 16]. Hence in this review we will present detailed results 
primarily on diatomics but that must not be considered the end of the story. It is not and 
as we will reiterate in our closing section, much of the challenge, that of large 
molecules, still lies ahead. 



2. The Rydberg Series' 

We use the word series in a plural sense: each ro vibrational state of the molecular ion 
can have its own complement of an entire stack of Rydberg states, figure 2. Each series 
converges to the ionization threshold leading to an ion in a particular level. These states 
of the ion can be delected by ionizing the Rydberg electron via the application of an 
electrical field. A frequency scan in the energy range above the lowest ionization 
potential (where the ion is formed in its ground state) reveals successive peaks 
corresponding to the different states of the ion. This is the ZEKE frequency spectrum. 

By switching the ionizing field on at different time delays after the excitation one 
can probe the time evolution at a fixed excitation frequency. Repeating the experiment at 
different frequencies one obtains the time and frequency resolved spectrum. 
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Figure 2. Rydberg series built on different rotational states of the ionic core and the 
contribution of each series to a ZEKE signal vs. the excitation frequency. For each 
series, we show, in order of increasing energy, see insert, Ihe li^lis-Teller threshold 
(above which the Staik manifold spans the energy gap between adjacent Rydberg states), 
the limit of the detection window and the ionization threshold. The lineshape shown is 
that expected if there is ^ autoionization. Then the decrease in oscillator strength ( as 
[4]) is just compensated by the density of states of given / (as /i leading to a 
constant spectrum. However, only the states within the detection window are detected. 
At the field F shown, the first two series cannot be resolved (the plot is made for a 
quadnipolar anisotropy of the molecular core as is the casein Na2'^). In practice, because 
the rate of autoionization scales as n the red end of each ’block’ is eroded and the 
ZEKE spectrum is sharper, with peaks just below the ionization threshold. 






335 



The level scheme shown in figure 2 is the picture which is almost always used in 
interpreting ZEKE spectra because the observed spectral peaks hug the threshold for 
ionization of each such series. (And this is the reason for ZEBCE spectroscopy as a tool 
for determining the energy levels of the core). In technical terms, the states of figure 2 
constitute the diabatic inverse Bom Oppenheimer basis. The significance of this 
terminology is that each state of the ionic core is endowed with its own stack of 
electronic stales rather than as in the usual Bom Oppenheimer basis where each 
electronic state has its own set of nuclear states. The inverse Bom Oppenheimer 
separation is not exact. Rydberg states which belong to different series can be coupled. 
This coupling is effective for states which are nearly isoenergetic. On a common energy 
scale, as in figure 2, the different series are shifted by the differences in the excitation 
energy of the core. Therefore, states of higher n and lower core excitation are effectively 
coupled to states of lower n and higher energy in the core. It is, however, possible to 
show [17] that, for high Rydberg states, the interseries coupling is smaller than the 
coupling terms which lead to the breakdown of the ordinary Bom Oppenheimer 
separation. 

The delayed application of an electrical field ionizes the highermost Rydberg 
states. Whether a state does or does not ionize is detemiined by its electronic energy. A 
simple approximation is that, for a field of F Volts/cm, all states which are within 
4-/f cm" ^ of the series limit, will ionize. It is therefore possible that nearly 
isoenergetic Rydberg states will behave differently under the applied field. States with a 
low energy content of the coie, (and therefore of higher n ), will ionize while states of 
the same total energy but where more of the energy is in the core will be stable. Delayed 
field ionization does not detect all energy rich molecules. It only detects those molecules 
where most of the energy is localized in the Rydberg electron. Figure 2 shows for each 
series, as a shaded region, those Rydberg states which will be ionized for a given field 
strength. We refer to this as the 'detection window'. Also shown is a total energy {= 
excitation frequency) scale, with all states that will be ionized at that frequency. By 
decreasing the strength of the delayed ionizing field one can cut down on those series that 
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are simultaneously detectable and thereby improve the resolution of the ZEKE spectrum 
[18]. 

The coupling between the Rydberg series is due to the field being seen by the 
Rydberg electron not being exactly Coulombic. There are a number of contributing 
factors. Over most of the orbit, the high n electron sees an ionic molecular core that is 
not quite spherical. This electrical anisotropy of the core can spoil each three quantum 
numbers (w , ^ , m ) of the electron. Very near the core, when the Rydberg electron 
’penetrates’ the valence region of the core, the Rydberg electron can no longer be 
accurately viewed as moving in the mean effective field of the core. It can then couple 
(by the inter electronic Coulomb and exchange interactions) with the valence 
electrons, [19] an effect that is also possible in ^Uoms [20, 21]. Finally, in molecules, 
when a sizable fraction of the total energy (which is comparable to an ionization 
potential) is deposited in the core, it has enough energy to dissociate into neutrals. At a 
total energy above the lowest IP it is even possible for the Rydberg electron to ionize 
and for the ionic core to dissociate (into a neutral plus an ion [22, 23]). This process has 
been well documented for molecules containing weak bonds such as van der Waals 
adducts [13, 24, 25]. 



3. The Inter Series Coupling 

At an energy above the lowest ionization potential one or more Rydberg series is 
in the continuum. The coupling between this continuum and the isoenergetic discrete 
Rydberg series endows the discrete states with a finite lifetime towards ionization and, in 
the other direction, allows a free electron to be captured by energy transfer to the core. 
The dynamics of high Rydberg states is most readily explored through their decay due to 
this coupling. Not all series are effectively coupled directly to the continuum. Angular 
momentum selection rules limit those series which are coupled to one another. For 
example, a core which is not dipolar has at most a quadrupolar anisotropy. Hence only 
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such series which differ by two in the rotational quantum number of the core will be 
directly coupled. Say the total energy is just above the lowest ionization potential, 
which corresponds to the ground state, j s Oof the core (cf. figure 2). Only the series 
built on the ; a 2 states of the core can directly autoionize by the quadrupolar coupling. 
Rydberg slates built on j a 4 are either coupled to the continuum indirectly through j = 
2 or, directly, by the weaker octapolar electrical anisotropy of the core. States built on j 
= 6 are even more indirectly coupled, etc. At a higher energy, also the y a 2 series will 
be in the continuum and the j = 4 series is that which is directly coupled. As a rough 
guide, at any energy it is the highermost bound series which is directly coupled to the 
continuum. 

The coupling strength to the continuum is not large since the electron spends 
most of its time far from the core. Hence the Rydberg states do not promptly autoionize. 
Any perturbation which reduces the coupling of (he electron to the core wiU further 
enhance this stability. A familiar example, discussed below, is the perturbation due to a 
weak external field which acts so as to keep the electron away from the core. Another 
route to stability is to lower the energy of the electron by increasing the energy of the 
core. Such a lower n electron is nearer to the core but it is not directly coupled to the 
continuum. 

The initial conditions for the dynamics are determined by the state which is 
optically accessed. Often, but not always, the excitation is by two photons via a 
resonant intermediate. One can vary the initial state not only by varying the energy of 
the second photon but also by varying, through the first photon, the nature of the 
intermediate state. Even for a cw excitation, the coherence time of the laser signal is 
typically short enough that extensive interseries coupling does not take place while the 
laser is on. (See equation (6.1) below). Hence one often assumes initial excitation to the 
limited number of series which are directly coupled by the photon to the intermediate 
state. This is not essential in a quantitative approach [26] but it simplifies a more 
qualitative description. In particular, it allows one to distinguish between excitation of 
those series which are or are not directly coupled to the continuum. 
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An additional coupling between the different Rydberg seiies can be due to external 
perturbations. One that has been extensively discussed [27-32] is the role of any 
unavoidably present, so called, stray, electrical field. This coupling has at least two 
major roles that can be loosely summarized as acting to elongate the short lifetimes of 
Rydberg states but tending to shorten the very long lifetimes. Both effects stem from the 
mixing of states induced or facilitated by the field. This mixing makes for a more 
uniform distribution of the coupling strength to the continuum (and much more on this 
below) and hence acts so as to make the lifetimes more similar 

Figure 3 is an illustration, using classical mechanics, of the effect of a weak 
electrical field in periodically driving the electron away from the core. It shows, what is 
very familiar from the Stark effect, that the orbital angular momentum, / , of the 
electron is not conserved in the presence of the field. For a weak field the Stark 
splittings are equidistant so that classically there is a Stark frequency, 
(2«/3nF*(aM)* (260.5/rtF(V'/cm)) nr), with which/ oscillates. The distance of 

closest approach to the core increases with increasing /. Hence, while / is large the 
Rydberg electron is not well coupled to the core and its principal quantum numbern is 
conserved. This is unlike the situation in the absence of the field, when at every 
revolution, the electron can couple to the core, top panel of figure 3. A possible 
exception is when the core has a dipolar anisotropy. The dipolar coupling ( V « r 
has the same range as the centrifugal potential and hence it is not quite shielded at higher 
/ 's. 

From the point of view of interseries coupling, the effect of an external electrical 
field is to extend the time interval between two couplings of the electron to the core: 
from once per orbit in the absence of a field to once per several orbits (15 in figure 3, 
see ref. [29]) when a field is present. Since this lime interval sets the time scale for the 
dynamics, the effect of a weak external DC field is to 'stretch* the time axis. This time 
stretching is one contribution to the enhanced stability. 
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Figure 3. The principal quantum number, n , and the orbital angular momentum, / , of a 
high Rydberg electron revolving around an anisotropic ionic core, vs. time, in the 
absence (top panel) and presence (bottom panel) of a weak DC field. In the absence of a 
field, w changes once per revolution, when the electron is near the core. At the point of 
closest approach the velocity of the electron is high so that the period of the orbit is 
quite long as compared to the time spent near the perihelion. The changes in n appear 
dierefore to be instantaneous on the time scale shown, which spans several periods. In 
the presence of the field, the orbital momentum of the electron oscillates (bottom panel) 
with a harmonic frequency proportional to n and to the field strength F. Tlie example 
shown corresponds to the situation typical of the high n case, when the period of the I 
motion is longer than the orbital period so that the electron executes several revolutions 
around the cc*e for every oscillation of /. During those time intervals when / is high, 
the electron will not get near the core and so n wiU not appreciably change. The result 
is that in the presence of the field, the changes in n are less frequent (by a factor of 
about a fifth, in the case shown) as compared to the field free case. This is the ’time 
stretch due to the DC field. (Adapted from [[30]. In this classical trajectory, n is 
confuted as the classical action variable in units of h ) 
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Classical mechanics does a good job of describing the dynamics of the high n 
Rydberg electron. Figure 4 shows the quantum mechanical coupling of an electron to a 
core with a dipolar (top panel) and a quadrupolar (lower panel) electtical anisotropy. The 
role of higher / 's in the former is quite evident. Also seat in the figure is that large 
changes in « are quite favorable, more so than small changes. Figure 5 shows the dipolar 
and the quadrupolar coupling as a function of / for two values of the change in n. Where 
classical mechanics can fail is in the description of the energedcally more widely spaced 
states which, in this problem, cf. figure 2, are the rovibrational stales of the core. 
Because these states are discrete, Rydberg states of different series need not be exactly 
isoenergetic. This is evident in figure 2 and is reiterated in figure 6, which shows the 
spacings directly. The interseries coupling falls rapidly when slates are not isoeneigetic. 
Herein lies the facilitating role of any stray electrical field. The Stark fanning out of the 
energies of states of a given n eases the restrictions on interseries coupling [33-35] 

The electronic energy states form a practical quasicontinuum when the (linear) 
Stark broadening, in , first bridges the gap, n between adjacent n stales. In this, 
so called, Inglis Teller regime, which requires an external field or a stale of such high n 
that, in atomic units, 3/i ^F>l,lhe inlerseries coupling is effective. In practical units, 1 
au of a field is 5.142 10^ V/cm, so that the criterion is (V/cm)>5.142 10^. At 
the high n *s of interest, this criterion is satisfied for even quite weak stray fields. 
However, for series which are not directly coupled to the continuum, n can be low 
enough that the states are not in the Inglis Teller regime and so are more sparsely 
coupled. 

A stray electrical field has a direction and so the cylindrical symmetry is 
maintained. By itself it conserves the orientation quantum number m. This quantum 
number is broken both when the core does not have a cylindrical symmetry or, 
externally, say when ions are present not loo far from the system. Because Ik m, 
increasing m tends to keep the electron away from the core and lends it further 
stability. [36-39] The same effect also arises by the application of an external magnetic 
field. [40] Recently, it was demonstrated [41] how conservation ofm can be broken by 
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changing the direction of a weak electrical DC field. This change of direction is another 
way to break the cylindrical symmetry and hence spoil the conservation of m . 




Figure 4. The radial coupling matrix elements, \ nl r“^\n'l+ Alj, logarithmic plot, 

vs. n' for dipolar (A = 2, top panel) and quadrupo ar (A * 3, bottom panel) coupling 
for I values as indicated. The coupling increases significantly when n' is smaller than 
The coupling elements are shown as the dimensionless effective coupling constant 



Y = 2n^V which is the coupling scaled by the ene^ difference between adjacent states. 
The density of states scales as when one is in the Inglis Teller regime. In the absence 
of a stray field it scales as so that the coupling is far less effective. The values shown 
are for a dipole and quadrupole moments of I au. Dipole moments of diatomic cores are 
often not large and it requires either a special case of a very polar diatomic or a 
polyatomic molecule with a polar functional group for a much larger moment. However, 
many diatomic ceres can have quadrupole moments which are far higher than I au. Note 
the rather wide range in 4 « that is effectively coupled. The range is highest for lower / 
values, see also figure 5. 
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Figure 5. The radial coupling matrix elements, j r^^\n'l + 4 vs. / for dipolar 

® 2, solid line) and quadru polar (X « 3, dashed line) coupling. Shown for 
comparison with figure 4 is the dimensionless coupling strength for two values of 4 n 
as indicated. Note that for the dipolar coupling, one branch (4 / » - I) is typically laiger. 
For the quadrupolar coupling, the 4 i « 0 term is very much larger than the other two 
(A i s ± 2), (by 3 orders of magnitude [35]). 
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Figure 6. The small energy difference (the detuning, cm’^ on a logarithmic scale) 
between two nearly isoenergelic Rydberg states which belong to two adjacent Rydberg 

series vs. the energy (in ) in the lower series -|l/ 2/i^^ + B(a. u.)(^ - l) Shown 

for two values of R (in cm*^) and y, as indicated. These detunings will be closed in the 
presence of a DC field. The intersaies coupling, figures 4 and 5, needs to overcome the 
energy mismatch if the coupling is to be eftective. 
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4. Prompt and Delayed Decay 

The coupling Co Che continuum and the interseries coupling of the discrete series have a 
common physical origin yet Cheir role in the decay dynamics is essentially opposite. It 
is suggestive to draw analogies between the decay of high Rydberg states and the 
unimolecular breakdown of vibraCionally ene^ rich polyatomic molecules [2]. The 
states directly coupled to the continuum are analogous to the states, j , of the 
transition state. The more such states there are, the faster is the decay rate, as in the 
RRK expression, k s A/ j / p where p is the density of energy rich states which can 
decay. For our problem p is the density of the accessible Rydbeig states and the number 
of these states is increased by the interseries coupling. In the absence of any such 
coupling only the states directly coupled to the continuum will ionize and they will do 
so promptly while all other isoenergetic states will be stable, i.e., trapped in high 
Rydberg states. The interseries coupling dilutes this coupling strength among many 
more states and reduces the averaged decay rate to ^ j / p . 

There can, however, be a more promptly decaying component. This component is 
also possible in the conventional Lindemann (or RRK) theory where it is traditionally 
overlooked. It is not obvious that this neglect is always justified [2, 42]. The origin of 
this prompt component is an initial excitation accessing discrete states which are directly 
coupled to the continuum. This is often the case in ZEKE spectroscopy, as is evident by 
the facile ionization of the optically prepared states under the action of even a weak 
external electrical field. Only slates of high n will ionize by a weak field and these 
states, cf. figure 2, are the states of the series directly coupled to the continuum. These 
slates can then either decay promptly or first be coupled to other discrete series (which 
have lower n *s) and only then decay. 

The other possibility in ZEKE spectroscopy is to optically access states which are 
not effectively coupled to the continuum. There will then not be a prompt decay as 
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coupling to other series must precede the coupling to the continuum. Nor will the states 
of the core which are detected by ionization with a delayed electrical field be 
representative of the states of the core which are optically accessed. An example is when 
the states of the resonant intermediate which are reached by the first photon are 
vibrationally excited. When the total energy is just above the lowest IP, the second 
photon, being subject to Franck Condon propensity rules, reaches states of higher 
vibrational excitation and lower n ’s. Yet the states which will be detected by ZEKE 
spectroscopy will have high n 's and low vibrational excitation. The experimentally 
observed non Franck - Condon intensities are a manifestation of the efficiency of the 
interseries coupling in the frequency domain. [14, 43-46] 

In the Lindemann scheme of unimolecular kinedcs[47] one admits only of the 
indirect route. It is assumed that the activation accesses states which do not directly 
dissociate, i.e., that one does not directly access states of the transition state. 

A simple kinetic model which exhibits the features which we discuss involves 
reservoir slates and states which can directly autoionize 
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(4.1) 



The resulting kinetic scheme fits the experimental data, [48] where k t (in words, k up) 
and k i(\n words, k down) are the rate constants for autoionization and for damping into 
the reservoir, cf. figure 7, bottom panel. The top panel of figure 7 shows the 
experimental results for BBC (BisBenzeneChromium, IP 44090.3 cm*^). Classical 
trajectory computations reproduce these trends, as do the quantum mechanically 
computed integrated ZEKE intensity as a function of the delay time. The fit of these 
computed quantal spectra to the kinetic scheme (4.1) is shown in the bottom panel 
figure 8 and more details are given in section 7 below. 
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Figure 7. Kinetic model analysis of the observed decay of high Rydberg stales in BBC 
(BisBenzeoeChromium,!? 44090.3 cm* ^). Top panel: Experimental results (dots, 
adap^ from [49]) for the prompt decay of BBC. Note, cf. figure 3 of [49] that the 
lifetime of even diis short decay is more than two orders of magnitude slower than the 
orbital period. The slow decay of BBC is slower than the prompt decay by another order 
of magnitude. Bottom panel: The results (dots) of the kinetic analysis (or the two rate 
constants 4 T and it i . cf . the kinetic scheme (4.1). it t is the rate constant for prompt 
ionization and & 1 is the rate constant for the decay of the promptly autoionizing 
Rydberg states into other series. The separation of time scales between the prompt and 
long decays implies that it t +/t4 » it so that, cf. equation (4.2), the short decay rate is 
the rate of disappearance of the autoionizing states, t T +i i, and the curve in the top 
panel is\/{kT'¥ki). See [48] for other examples and [50] for a mapping scheme which 
reproduces the dqjendence of the rate constants on the frequency. 
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Figure 8. The integrated ZEKE intensity vs. time (in u s) showing a biexponential 
decay. Each panel is obtained by plotting the integrate ^ver frequency a>) area under 
the ZEKE spectrum, ZEKE{(Ot T) at a given delay time, t. The frequency spectra are 
shown in figure 16 below. In the top two panels excitation is into Rydberg series which 
are out of the detection window. Hence there is an initial fast buildup of population in 
the series which is detected. The bottom panel shows a broader detection window. The fit 
to a biexponential decay, equation (7.1), is very tight, with a correlation coefficient 
twically higher than 0.9^. ^ section 4 and figure 9 below for a kinetic model which 
fits also the relative intensities of the two components. 
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The long and short decay times (as well as the relative weight of the two 
components) can be exactly computed [Z 42, 48] in terms of the three rate constants 
identified in the kinetic scheme (4.1). A useful approximation is the steady state one[2] 
where the long and short decay rates are 

k,„„g = kkU{klfkr) . (4.2) 



showing that the long rate is somewhat shorter than k the rate of the conversion of the 
reservoir states into the directly autoionizing states. The exact difference between the fast 
and slow decay rates (= the two eigenvalues of the kinetic scheme) is 
4 s T +/c 4 - 4fcfc ij . There will be a separation of time scales when the 

leakage out of the reservoir states is slow, k T +lcA » ife so that the short decay rate is 
defacto the rate of disappearance of the autoionizing states, k t +jk i . 

The explicit result for the decay of the two classes of states, (using A for the 
autoionizing states (which are effectively coupled to the continuum) and R for the 
reservoir states (which are not) is [42] 
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^[/J] o(fl* cxp(-;i 2 /) - a. exp(-A|»)) 
[a] gi i (exp(-A 2 /) - exp(-A,r)) 



(4.3) 



(4.4) 



where [a]^ or [RJoare the number of molecules in the two classes at the end of the 

excitation st^e fl^«|(k4+kt)-k T 2 and the two rates are the fast and slow 

decay rates respectively given in the steady state approximation (4.2). In applications of 
the model we take the reservoir states to have a low enough principal quantum number n 
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SO that they are out of the detection window. The time dependent (integrated) ZEKE 
intensity is then proportional to [A](/). 

The experimental results of Bahatt et al [7» 48] on time resolved ZEKE spectra 
were discussed in terms of the n dependence of the two rates k t and k i. It was 

concluded that one can distinguish three regimes in terms of the relative magnitudes of 
these two rates. Figure 9 compares the time evolution erf the states of class A and R for 
the high n (kt > k i , lop panel) and low n (k't < k I middle panel) regimes. Figure 

9.a captures the result of the full quantum computations that if excitation is into stales 
erf class A, in the high n regime where Jkt > i , the decay of the population in class 

A is primarily prompt as little population works its way into the R class so that the 
long time con^nent has a low amplitude. The situation is completely offiosite in the 
low n regime, figure 9.b, where there is a significant population transfer to the slates of 
class R followed by a return to class A. Now the decay resulting from an excitation 
localized in class A is bimodal, with a long time component, which results from 
population returning from class R. From figure 9 we conclude that due to the bottleneck 
[51], excitation into class A often results in limited leakage into class R and most 
molecules decay without an excursion into the rest of phase space. As a final check, 
figure 9.C shows results similar to the middle panel except that the bottleneck between 
the two classes has been made wider. The difference is significant: In figure 9c the decay 
of states in class A has a long time component which is clearly due to the population in 
class R returning to class A. The opening up of the bottleneck between the two classes 
is the phenomena of dilution further discussed in the next section. 

The simple model can also be analylicaUy solved when states of class R are 
allowed to also decay by predissociation. The results indicate that the role of the 
predissociation out of class R is hmited and that the kinetics of the decay of A is not 
very sensitive to predissociation. The reason is that, as shown in figure 9, following an 
initial excitation into A, it requires a wider bottleneck to repopulate class A from states 
in class R. A fast predissociation process can have a role but only when the rate k is 
high compared to k T and k i. Then the population in A is sensitive to the rate of 
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depletion of R. One can 'open up' the bottleneck, e.g., by imposing a DC electrical 
field, as this enhances the interseries coupling. 




0 0.5 I 1.5 2 

time 

Figure 9. The time evolution of the populations in the A (autoionizing) and R 
(leservoir) classes, vs. time, for an initial excitation into class A, computed for the 
kinetic scheme (4.1) where class R has been given a small predissociation rate, In 
the kinetic model, the decay is exactly biexponential, cf. equation (4.3). Top panel: 
A:t > ife 4 so that most stales that are excited decay promptly and there is hardly any 
population buildup in class R. Middle panel: The opposite regime /Srt < k 4 . The lower 
panel shows an even more extreme behavior for this limit, made possible by allowing a 
facile return from class R to A. See figure 8 above for similar results obtained by a full 
dynamical computation. 
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Figure 10 shows a quantum mechanical computation for NO below the lowest 
ionization threshold where only predissociation is allowed. The details of the model used 
for the computation are given in ref. [16]. In the case of the Rydberg states of NO 
excited below the lowest ionization threshold, the bottlenecks for predissociation are 
localized in the low / slates of each Rydberg series and higher rotational states of the 
core, j, which correspond to lower n values of the Rydberg electron dissociate faster 
(since the zero order predissociation rates scale as This structure of phase is 

different from that of the Rydberg slates of Na 2 '*’ excited above the lowest ionization 
threshold where no predissociation of the molecular core is allowed. In the latter case, as 
discussed in section 3 (see also figure 2), the bottleneck to ionization is localized in the 
lowest j series which is the only one to be directly coupled to the ionization channels. 
Moreover, at the same excitation energy, the density of coupled states between 
neighboring series in NO* is much sparser than in Na 2 * because of the difference 

between their respective rotational constants : B + *0.1 cm* ^ while B + * 1.9S42 

Naj NO 

Another major difference between the two diatomic ccaes is that NO* has a 
dipolar anisotropy in addition to the quadrupolar one while the interseries coupling in 
N®2* is only through the quadrupolar term. As discussed in section 3 and further in 
section 7, due to its long range character (see figures 4 and 5), the dipolar coupling plays 
a significant role in the trapping of population into the reservoir states. The decay 
kinetics shown in figure 10 is obtained from the integrated ZEKE intensity computed at 
increasing delay times, where the detection is over all the quasibound stales. The results 
are for a five series compulation (/ « 0 to 4) with an excitation of the n *105, / «3 ^»0 
Rydberg state at two values of the external DC field : F s 0.04 (solid line) and 0.5 
V/cm (dashed line). In agreement with the kinetic model discussed above, the computed 
decay kinetics can be accurately fitted to a biexponential form, with a short decay 



* The sparser character of the density of states in neighboring series for NO* is partially 
compensated by the fact that due to its permanent dipole, neighboring series which differ 
by are coupled while the quadrupolar terrain Na 2 * couples series with 




352 



constant equal to 0.38 Jisand a long decay constant of 12.2 \x& (with a weight of 23 %) 
for F * 0.04 V/cm, For F » 0.5 V/cm, the short and the long decay constants are 0.45 
and 38.4 4 $ (with a weight of 21 %) respectively. One series computations do not 
exhibit a long time component. In the case of a one series computation, the initial 
state n s105, / «3 decays on the time scale of its zero order predissociation rate. In 
the multiseries case, a significant long time component is present in the decay kinetics, 
in spite of the faster predissociation of the low I states built on the higher rotational 
state of the core (isoenergetic Rydberg states built on higher states of the core correspond 
to lower n values and the zero order predissociation rates scale as l//i^). This long time 
component is induced by the interseries coupling, and in particular by the long range 
dipolar coupling between high / states of neighboring Rydberg series, which is assisted 
by the external DC field. At F a 0.5 V/cm, where the two lowest series j »0and J ■! are 
above the IT limit (while at F *0.04 V/cm, none of the series are above the IT limit), 
the trapping process into the reservoir states, which in the case of the predissociation of 
NO are localized in the high / states of each series, is even more important due to the 
better synergy between the effect of the external DC field and the interseries coupling as 
discussed in section 5 below. The short time behavior of the decay kinetics is plotted in 
the insert of figure 10. At short times, the decay kinetics for F = 0.04 V/cm exhibit 
plateau's with a length of2^/inF » 62 ns (/i * 105). As discussed in Section 3, they 
are due to the oscillations of the orbital quantum number that are induced by the Stark 
coupling, (see also figure 3 for the same effect). For a field strength of 05 V/cm, the 
Stark oscillation has a period of 5 ns and is of the order of the strength of the interseries 
coupling for the low / states. In such a case, the decay becomes uniform at a much 
shorter time. 
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delay time/^s 



Figure 10. Decay kinetics of the ZEKE intensity as a function of the delay lime for a 
five series compulation al two field strengths : F * 0.04 V/cm where all the series are 
below the Inglis-Teller limit and F » 0.5 V/cm where the two lowest series (J - Oand; 
= 1) are above the IT limit. The spectra used to obtain the decay kinetics are computed 
for A/ s 0 with a width of the excitation laser equal to 0.005 cm' V The basis set 
includes 7249 states from the j sOJ =l,j and y ® 4 series. For the low / states 

(/ 2 2), the interseries coupling is included using a quantum defect and for the high 1 
states using a long range multipolar expansion. See [16] for more details. For the long 
range multipolar expansion, the dipolar constant, of NO^is equal to 0.26 au [52] 
and the quadrupolar one, Q, to 0.59 au. [53] The predissociation d^ay rates are as in 
refs. [54, 55] and were inferred from experimental results. [56] The decays are clearly 
biexponential. Note how the weight ana the decay constant of the slow component is 
larger for the computation at F » 0.5 V/cm. The short time behavior is plotted in the 
insert. Plateau’s in the decay kinetics appears clearly for the lower field strength (F * 
0.04 V/cm). They have a duration equal to the Stark period (Inf^nF » 62 ns) .The Stark 
period at F = 0-5 V/cm is equal to 5 ns and the over^ decay is therefore dissipative at a 
much shorter time. 
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5. Trapping vs. Dilution 

The two different decay modes and the progressive bridging between them for stronger 
interseries mixing is derived in this section from strict quantum mechanical 
considerations. 

The bottleneck between the two classes is due to the coupling strength to the 
continuum not being uniformly distributed over all the possible zero order states* A 
bottleneck corresponds to a localization of the coupling to the continuum over a subset 
of zero order states. The Rydberg states that are effectively coupled to the ionization 
continuum decay promptly while the decay of the others is delayed. Die bifurcation into 
a prompt and a delayed branch that is observed for the decay rates is typical of congested 
bound level structure coupled to a small number of decay channels. [Z 58, 59] Pure 
trapping is the extreme limit when the delayed decay is infinitely slow. Complete 
dilution is the opposite limit when the coupling strength is uniformly distributed. We 
emphasize that the two limits are governed by different physical considerations. 
Trapping is possible because not all series are directly coupled to the continuum. 
Dilution occurs due to the coupling between discrete series. In general, both are present 
and typically neither limit is fully realized. 

5.1. THE EFFECnVE HAMILTONIAN 

The full Hamiltonian of the system includes both the bound slates and their coupling to 
the continue. It is, however, possible [60, 61]to write down an ‘effective Hamiltonian* ^ 
which ads as the Hamiltonian as far as the bound states are concerned, but which makes 



* By uniformly distributed, we mean as uniform as is consistent with the inevitable 
quantum fluduations. [57] 
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no explicit reference to the continua. Instead, the effective Hamiltonian incorporates a 
rate operator F which describes the dissociation of the bound states due to their coupling 
to the continua. In the model we assume that there is no shift in the energy of the bound 
states due to the coupling to the continua. This approximation (common to other 
models of both the Rydberg problem [31, 35, 54, 59, 62, 63] and of unimolecular 
reactions [2, 64-66]) enables the model to provide analytical results. In the subspace of 
bound states the effective Hamiltonian N xN matrix is 

sHo + U + V-iT (5.1) 

Here V is the interseries coupling between discrete states and typical matrix elements 
are shown in figures 4 and 5. 1/ is any coupling amongst the Rydberg states induced by 
external pertuibations and H 0 is the unperturbed set of discrete states as shown in figure 

2. In this figure, V can be represented by vertical arrows because they effectively couple 
only states which are nearby in their energy. The last term describes the loss of 
population of Rydberg states due to ionization by coupling to the continuum. As we 
discuss below, it is a loss term because the rate matrix T is a (semi)positive definite, 
i.e., the eigenvalues A/j of the effective Hamiltonian must have a non positive 
imaginary part, i.e., ^ 0 so the time dependence is 

exp(-iA„r / A) » exp(-i(£„ - )r / A) * exp(-i£„r / ft)exp(-r„r / ft). To determine 

the eigenvalues we need to diagonalize (5.1). We do so in two stages and consider first, 
in subsection 5.2, a limiting case where the zero order states are exactly degenerate. We 
return to the general case in subsection 5.3. The essential point is that, in general, the 
decay rales are to be determined by diagonalizalion of the full effective Hamiltonian 
matrix (5.1) and not of the rale matrix F alone. The trapping limit is when these two 
matrices commute and can be simultaneously diagonalized. Due to dilution the two 
matrices do not commute. Extremely long lifetimes are possible when the commutator 
is small. 
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The matrix elements of the rate operator, at an energy just above the lowest 
threshold for ionization, are of the form 

( 5 - 2 ) 



Here V is the interseries couphng between the electron and the core and is the same 
operator as that which couples discrete Rydberg states. In this section the index n stands 
for the entire set of quantum numbers needed to specify a bound Rydberg state. Of the 
total number, of discrete states which are considered as a basis for the Hamiltonian 
matrix, only K states, ^ ^ are directly coupled to the continuum. The states ]/r) are 

energy eigenstates of the different continua, where the electron is ionized. These are at 
the same energy as the bound states, and include such quantum numbers as allowed by 
the angular momentum selection rules. 

In matrix notation, (5.2) is of the form 

r=£vjVl (5.3) 

its] 

where the are K vectors of length N . In general the rank of r is at most K . It 

will equal K when the vectors are linearly independent. There are then N - K 

vectors which are orthogonal to the K vectors and these N - K vectors are all 

annihilated by F . In the context of unimolecular reactions, a useful way to think about 
the number, AT , of the channels is as the number of states at the transition state. [61] 

5.1 THE TRAPPING LIMir 

This is the limit where we take all the states to be isoenergetic 



W* * £/ - <F, trapping limit 



(5.4) 
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Here E is the energy of the degenerate bound states and / is the unit matrix. That (5.4) 
is not fully realistic is clear because the very action of an external DC electrical field is 
to (Stark) split the manifold of degenerate stales of the same value of the principal 
quantum number. The quantum defect has a similar effect. Even so, (5.4) provides a 
useful limiting case which we shall refer to as the pure trapping limit. In general, the 
dilution effect, to be discussed below, causes deviations from this limit. The quantitative 
question is how far do these deviations go. If the dilution is very extreme, the pure 
trapping behavior will be washed out. As has been discussed before [61, 64 , 67, 68] the 
measure of the deviation is the r^io of the 'widths’ to the mean energy spacing of 

states. 

The assumption (5.4) implies that in the pure trapping limit there are two kinds 
of eigenvectors: the K eigenvectors of F with a finite eigenvalue. These promptly decay 
by virtue of their direct coupling to the continuum. There are other, N - K, eigenvectors 
with a zero eigenvalue and these are stable. That the eigenvectors of F are also 
eigenvectors of follows because ^ and F commute. The eigenvalue spectrum is 

^ [E , k=^K+l...N 

The normalized eigenvectors which promptly decay can be easily written down if 

the vectors Vj in (5.3) are orthogonal, Then 

W)= s (V*)Jn)/r, = 1 \n){n\v\k}/r,=QV\k)/r, 

nsl / nsl / 



(5.5) 
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where Q is the projection operator on the subspace of bound states, C ® S (”)("| 

n=l 

as defined above, rf^^{k\V^QV\k) ,k^\^..K is the coupling strength to the 
continuum in the k 'Ih channel. 

In the language of unimolecular reactions what has been shown is that for a bound 
subspace with a high > A!* density of states and with K states at the transition stale, 
there will be K states that will dissociate promptly and other, N - K y states which, in 
the pure trapping limit, are stable. These many slates do acquire a finite width because of 
the interseries coupling terms that couple the zero order bound states. This coupling 
splits the full degeneracy and thereby mixes some of the prompt character to these 
otherwise stable slates. From the point of view of the trapping limit, the role of both 
the coupling between the bound states and of the external perturbations such as a stray 
DC field is to dilute the K states which are directly with the continuum with other, N - 
K , stable stales. 

5.3. THE DILUTION 

The trapping limit is the limit in which one diagonalizes only the (semipositive 
definite) rate matrix F of the full Hamiltonian matrix (5.1). In this limit all the bound 
states are degenerate. It thus fails to account for the splitting of the zero order states by 
the terms that couple stales within the bound subspace. The complementary approach is 
thus to diagonalize first the Hamiltonian H ^ + in the bound subspace. (This 

prediagonalization is the route we actually follow in the numerical procedure). The 
resulting N eigenstates cannot in general be written explicitly. What, however, can be 
readily shown is that each such slate is a linear superposition of such zero order states 
that do couple directly to the continuum, with others that do not. To make this point 
explicitly, we diagonalize the Hamiltonian H in the basis that diagonalizes the rate 
operator F. The resulting eigenvectors will then be of the form 
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l”j)= 2 6,t.]nt.).s = l N (5,6) 

k^\ k'sfC+) 

The first K (enns in (5.6) are states which are (directly) coupled to the continuum and 
the second sum is over those states which are orthogonal to the continuum. The width 
of the diagonalized slates is [61, 64] 

{«;|r|n,)= (5.7) 

where the other terms in (5.6) do not contribute, by construction, since they have a zero 
width. (Note that in the basis used for diagonalization there are no off diagonal elements 
of 7“ so that, de facto, it is the effective Hamiltonian ^ that has been diagonalized). 

Equation (5.7) is the essence of the dilution effect. Summing (5.7) over all the N 
states one recovers the total coupling strength to the continuum which equals the 

trace of the rale matrix 

rr(D» ir* (5.8) 

which is also the sum over the K prompt states but since in general N » K s 
unlike the prompt states each diagonalized state gets only a small fraction of this total. 
In summary, dilution conserves the total trace but dilutes the total over many stales. 
Dilution erases extremes in the decay rates. It acts so as to stabilize the promptly 
decaying stales and endows trapped slates with a finite lifetime. This is the general 
formulation but for the purpose of application to both Rydberg states and to 
unimolecular reactions in general, there are a number of details that are needed. 

A very important point has not been brought out by the discussion of this 
subsection is the rather non democratic dilution which occurs when the mean spacings of 
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the states are small as compared to their width. The point is that under such 
circumstances there are two types of states. K states of latter width and N - K stales of 
smaller width. To reach this conclusion, note that the basis used in (5.6) already 
diagonalizes the rate matrix. What remains to be diagonalized is the operator 
Wq + t/ + V — £/ which is the difference between the actual Hamiltonian, equation 

(5.1), and the Hamiltonian in the trapping limit, equation (5.4). Say that as in figure 2 
we center attention on a narrow band of nearly isoenergetic zero order states. Then, what 
needs to be diagonalized are terms of the magnitude of the spacings, which, by 
assumption, are small so they can be handled by first order perturbation theory. Define 
the ratio R 

R = (mean width / mean spacing) 

so that we are discussing the limit R > \. In first order there will be K states in (5.6), 
which in zeroth order are the AT prompt states defined in equation (5.5). For these 

K states the ratio of the mixing coefficients (a/ b) in (5.6) will be of the order of /? > 
1 . For the other N - K states, which in the trapping limit carry no width, the ratio of 
the mixing coefficients a/b will be of the order of (\/R ) <1. Referring to equation 
(5.7), K states will have an above average width while N - K will have a below average 
width. As already noted, (cf equation (5.8)) the total width remains the same. 

5.4 SUMMARY TRAPPING VS. DILUTION 

Trapping arises because of the structure of the rate matrix, a matrix of low (i.e., K, K 
« N ) rank. The low rank is characteristic for the generic situation of many bound 
states that can dissociate through a nanow bottleneck (i.e., that K « N ). Dilution 
arises because of the structure of the Hamiltonian in the bound subspace. It is the 
manifestation of the mixing of the N bound states. There can be trapping without 
dilution (AT « N , the V states are not mixed) and vice versa (Af N , the W states are 
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mixed). In the intermediate time regime, both dilution and trapping act to extend the 
lifetime and so their role appears to be similar. It is, however, trapping that will be 
shown to give rise to the extremely long lifetimes and in that regime dilution acts to 
shorten these longest lifetimes. Trapping and dilution are not basis set effects but are 
effects associated with different parts of the Hamiltonian. Dilution refers to the dynamics 
in the bound part of phase space, trapping refers to the properties of the coupling to the 
continuum. Both trapping and dilution can be discussed using the same zero order basis 
set, which is what we are about to do. 

In the long time limit trapping and dilution act in opposite directions, with 
trapping being the mechanism for extremely long lifetimes. There is, however, one 
aspect of Rydberg states that make dilution and trapping act in the same direction, for 
intermediate time scales. As already mentioned, the elongation of shorter decay times due 
to dilution is an important effect and has received much attention.[27-32] It is contained 
in the fffesent formulation in that dilution distributes some of the prompt width to the 
very stable states and thereby extends the lifetime of the states that are directly coupled 
to the continuum. At the same time, (because dilution conserves the total width, cf. 
equation (5.8)), dilution necessarily shwtens the very longest lifetimes. The former is 
the effect which has been the point of much current attention. In summary: dilution 
elongates the shorter decays and shortens the extremely long decays. It builds up states 
with intermediate time decays. 

5.5 THE DUAL ROLE OF THE EXTEEU^AL DC FIELD 

Complementary to the distribution of spacings shown in figure 6, figure 11 shows the 
distribution of widths. Shown are results for three external fields, a very weak one 
(0.025 V/cm, which one estimates [18, 30] for the experiments designed to be nearly 
field &ee) and 0.1 and 1 V/cm. The plot shows a histogram of the logarithm of lifetimes 
in ns computed by diagonalization of the effective Hamiltonian for the three external 
fields. The most noticeable feature is that the weaker field has more of both the shortest 
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and the longest lifetimes. Note, however, that the long lifetimes which are shortened by 
the field are quite long (tens to hundreds of jis*s).The results shown in figure 11 are 
what we mean by the dual role of the external field. It narrows the histogram of lifetimes 
at both ends. Ihe short lifetimes are stretched by the dilution effect and the very long 
lifetimes are reduced due to the shorter time it requires to sample phase space. 
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Figure II. The distribution of lifetimes (inverse widths) plotted as a stack histogram 
(logarithmic scale, lifetimes in ns ). (a) top panel: For a weak (’stray') field of 0.025 
V/cm (b) middle panel: for a field of O.l V/cm (c) bottom panel: For a stronger field 
of 1 V/cm. The weaker field is the one giving rise to more lifetimes at both very short 
and extremely long times. The reduction in the number of shorter and longer lifetimes at 
a higher field is due to the dilution effect of the field, (see section 5) 
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6. Dynamics 

We compute the lime evolution of the bound Rydberg states by switching the laser on 
for a long time interval (•oo < r < 0 ) and letting the system evolve under the action of 
the effective Hamiltonian. The wave function at a time T after the laser has been 
switched off is [26] 



0 / ^ \ 
V h Ih ) 



( 6 . 1 ) 






where tiO)^ is the initial energy. is the stationary state, in the subspace of 

bound Rydberg states, prepared by the cw laser of frequency O acting from tor’ * 0. 
^ is the effective Hamiltonian for the evolution of bound Rydberg states and includes 
any external pertuibations that may act on them. Equation (6.1) explicitly recognizes 
that, defacto, the laser is only acting during its coherence lime, 2 h /J"^ which only for 

very narrow lasers [5 6, 69] becomes comparable to the time required for the 
intramolecular dynamics to mix high Rydberg states of the belonging to different states 
of the core. Hence, ordinarily, the initial state | can be well approximated by 

Q^\ where |/) is the slate which by absorption of a photon with a transition dipole y 

leads to the Rydberg region and Q is the projector on the bound Rydberg states. When 
the process is a resonance assisted two photon absorption (i) is the intermediate 
resonance state. In a one photon process |f) is the ground state. 

The ZEKE cross section that is measured for a delay lime x between the 
switching off of the laser and the detection by pulsed field ionization is defined [26, 70] 
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as the expectation value of the detection window operator i7 over a ZEKE wave 
function at time t 

Z£/:£(©,T)»(¥'(t)|/T|*f'(t)) (6.2) 

Here, [J projects onto a subset of bound slates namely those that can be ionized by the 
delayed field (= the states that are in the detection window). In the limit when all bound 
states are detected by the field induced ionization, TJ becomes Q , the projector on all 
bound Rydberg states. In this limit and when the initial state can be approximated by 
that is, when the coherence time of the excitation laser, 2 h / Ff, is short 

compared to all the intramolecular couplings, the corresponding expectation value is 
P(t), the total population of bound states which survived up to the detection time t 

/>(f)»(-#'(T)|e|V'{T)) (6.3) 

Like the spectrum, P (t) also depends on the details of the excitation process. The space 
of bound Rydbeig states is spanned by the zero order basis made up of individual series. 
Therefore one can write Q as a sum of projectors on different states of the core and 
thereby express (t ) as a sum of the bound populations in the different series, cf 
figure 15. 

6.1 THE ZEKE CROSS CORRELATION FUNCTION r) 

This is a more technical subsection on the extraction of early time dynamics from the 
measurement of ZEKE spectra in the frequency domain. The time and frequency variables 
in the ZEKE spectrum, ZEKE(0)» T), are not conjugate to one another. T is determined 
by the experimentalist as the delay prior to the application of the ionization field and is 
not related to the dynamical time t which is conjugate to the frequency 0 . In this 
subsection we show that what i characterizes is the evolution of the optically accessed 
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initial stale QM\i)> equation (6.1), under Che molecular HamilConian H. and show 
how Co extracC Chis information. The discussion is motivated by Che lime dependent view 
to electronic spectroscopy as pioneered by Heller. [71] The difference is Chat here one has 
two clocks, t and f. As such, Che ZEKE spectrum has some similarity Co Raman 
spectroscopy except that here the delay, t , between pump and probe is not governed by 
the dynamics buC is an independent variable, under Che control of the experimentalist. 

We define the ZEKE cross correlation function, C2^£0,^)> ^ ihe Fourier 

transform of Che frequency dependent ZEKE cross section at a given delay time r, by: 

CZEKE^‘'’^'> = (6,4) 






J dt' 





t \ 


[<^wexp(-<<yF)| 

\-«0 J 


/7(T) Jdt»exp(-< 0 )(f + 0)jv',‘(®)) 



a •(/ + /') 

(6.5) 



Here | (r)^ is defined as the Fourier transform of the frequency dependent ZEBCE wave 

function | : 



1 V'i(O) 3 exp(-/n)0 1 \ffi((o)) (6.6) 

I V'/CO) = { e\p{~i(ot)0 (o + Q)i - — + )l/4|i) 



cxp(-(wr + (F; / 2)r) / A)exp(ia>,r) i4|<) 



(6-7) 
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From (6.7) it is seen that | V^/(0) is the time dependent ZEKE wave function. Due to 

the fact that 77 does not commute with the lime evolution, the expression for 
^ZEKe(^> t) cannot be simplified much further. 

100 r . ^ ^ ^ ^ , , 



K 

J. 80 - 




t/ps 



Figure J2. ZEKE lineshape vs. the excitation frequency (upper panel) and the 

corresponding ZEKE cross correlation function |C 2 gjf£(/.T)|^ vs. dynamical time, t 
(lower panel). The ZEBCE hneshape conesponds to the schematic spectrum shown in the 
bottom of figure 2, but allows for autoionization and for a thermal distribution, at 2K, 
of the rotational states of the ground electronic state. It is computed for a narrow width 
of the excitation laser, F/ » 0.01 cm and an ionizing field of 20 V/cm. Ci) ® 0 
corresponds to the lowest ionization threshold and states of the molecular coie up to j s 
8 are populated. There is no interseries coupling included in this ZEKE lineshape (as 
defmed in equation (3. 24) of ref [26]) but each individual Rydberg state decays with a 
raleFfl ^ Fo/n^ with Fq ^ \0 cm" For the narrow width of the excitation laser 
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used, the rotational thresholds can be resolved (the rotational constant is B * 0.1 cm*^ 
and the optical selection rule is Aj s ± 2)as well as the lower n states (For an ionizing 
field of 20 V/cra, the lowest n value that can be detected is n s 63). The ZEKE 
lineshape is computed for an early detection ( t s 0.1 ns).At this early time, the low n 
Rydberg states just below the ZEBCE peak can be resolved. For delay times of the order 
of a few ps, due to the faster decay of states of lower n , these will disappear from the 
detection window and only the narrow ZEKE peak is visible. Lower panel : 

l^ZEKE^^* T)p (Eq. (6.4)) is computed as a Fourier transform of the ZEKE lineshape 

plotted in the upper panel which is for a narrow frequency laser (T) * 0.01 cm'^) so that 
the range in the dynamical variable, t , is wider. The insert shows the rapid initial drop. 
Note the recurrence peaks which correspond to the orbital periods of the Rydberg electron 
and, in the insert, the recurrence of the rotational motion of the core. The value of the 
cross correlation function is low because very many states are taking part. 



The different time scales exhibited by C2£^£(t» T) as a function of the dynamical 
variable l are determined by the frequency width of the laser pulse. The longest 
dynamical time scale that can be probed is limited by the width of the excitation laser. 
(Fct a width of 0.2 cm'^. the time is (l/(0.2 c))« 166,6 ps where c * 3 10^^ cm/s, and 
longer times require a narrower laser). As such, for typical dye lasers, r is in the sub ns 
to ns range and therefore much shorter than the delay times x usually probed in ZEKE 
spectroscopy. The inherent time scales that can be seen along the t axis correspond to 
the different spacings that appear in the ZEKE spectrum at the delay time f . Spacing 
smaller than the width of the excitation laser cannot be resolved. Depending on the 
frequency width of the laser, the strength of the pulsed field and the value of the 
rotational constant R, the rotational thresholds can be resolved and the conesponding 
time scale will appear in the spectrum. Even lower Rydberg stales can be resolved, how 
high depending on the laser, cf figure 12, upper panel where the laser width, is equal 
to 0-0 1 cm’^. For increasing delay limes, the 7EKE spectra become narrower which 
means that the initial drop in t) as a function of t is slower and slower. As 

the delay time is increasing, the access to the early time dynamics of j ^ 

The computed T) which corresponds to the lineshape shown in the 

upper panel of figure 12 is plotted in the lower panel of the same figure. The lineshape 
used as input is for a narrow laser (0.01 cm*^) so that a wide range in t can be 
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examined. As can be seen, both the rotational periods of the Na 2 '*’core (ps range) and 
the orbital periods of the electron (hundreds ofps^s) can be seen as recurrences in figure 
12 (bottom panel). The insert in figure 12 also shows the initial drop in the correlation 
function. One expects [72] the correlation function to rapidly drop to l/number of 
participating states, and the high density of states in the present problem is clearly seen 
in these figures. This initial drop will be slower for later detection. This is because the 
later the detection, the narrower in energy is the range of states that contribute to the 
wave function, because the states of lower n have decayed earlier. This is reflected in the 
sharpening of the lineshape for increasing T. One can readily show that the width in time 
scales as T /n and this is why the drop occurs so early. 

6.2. COMPUTATIONAL STUDIES OF THE DYNAMICS 

Computational studies for the time evolution with special reference to long time 
behavior have been carried out for several diatomic molecules, [16, 35, 59, 73] and 
specifically, for NO and Na2* main points about the results are: 

(i). There is extensive intramolecular interseries mixing, particularly so in the time 
range of interest (> 100 ns). Even for discrete Rydberg states which are directly coupled 
to the continuum, omitting the coupling to other series (a, so called, one series 
computation), leads to significant differences in the decay kinetics in the /i s range, as 
can be seen from figure 13, where the decay laws P(T), P(^) * (v'Ct)] V^(f)) with 
I ■ Qli\i) ,cf. (6.3), of the same initial state j ^ (i, I s 2 are plotted on a linear 
scale for a one and a 4 series computations at a strength of the external DC field of 0.1 
V/cm for the parameters of Na2^. A one series computation cannot, of course describe 
the decay of states which are not directly coupled to the continuum. In the 4 series 
computation, some population is trapped in the high j series, which are not coupled 
directly to the ionization channels. As a result, the decay law of the 4 series computation 
extends well into the /i s range. 
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M = 6 




T/|IS 



Figure 13. The time decay of the total population of bound Rydberg stales, P(t\ for 
two computations ; one usmg just one series and the other one using a four series for M 
= 6 and a DC field of O.l V/cm for an initial state / ■ 6, / » 2. Shown, on a linear 
scale in time, is the long time behavior of ^^r).(The entire lime dependence is shown 
in the insert). Note how the decay of the four coupled series extents well into the 
range while that of the one series computation has con^letely decayed. The basis set of 
the 4 series computations Includes 27823 isoenergelic states of the series j » 6, 8, 10 
and 12 coupled to 1451 open continua. For the one series computation, the basis set 
includes 18252 states built on y s 6 coupled to the same number of continua. 



(ii). For the quadrupolar and higher coupling, the time evolution is very dependent on 
the initial value of the (conserved) quantum number A/, A/ = nij + ntf. The higher is M 

as compared to y , the higher must be m i and since 1 ^ the lower is the weight of 

states of low I and the longer are the lifetimes. This point is illustrated in figure 14 

where the histograms of the lifetimes (in ns on a logarithmic scale) resulting from the 

diagonalization of the effective Hamiltonian are plotted for three values of W, Af s 0^ 
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and 12. The overall shift of the distribution to longer lifetimes for higher M values is 
very clear. Note also the clear bimodal character of the distribution of the lifetimes, in 
connection with the discussion in section 5. 

I — ^ — I — ^ — I — ^ — I — ^-1 — • I ' — I > I 




log(x/|XS) 

Figi^ 14 : Histogram of the lifetimes for three values of M as indicated. The 
lifetimes are determined by a diagonalization of the effective Hamiltonian at each M, 
Note the overall shift to longer times at higher M 's. By Af s 12 even the 'prompt 
lifetimes are in the tens of us*s range while the trapped states survive for up to seconds. 
(In a real system they will nave decayed by other channels such as coupling to the black 
body radiation}. The system is as in figure 13 with an external field of O.l V/cm. M is 
a conserved quantum number so each panel is a separate computation. For Af * 0, the 
basis set includes 28327 states belonging to the }» 6, 8, 10 and 12 series, coupled to 
1484 ionization continua. For M a 12, there are 26619 bound states coupled to 1399 
open channels. Other ions or an external magnetic field can mix stales of different M 
values and thereby confer additional stability on low M states. 
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The role of the value of the conserved quantum number M on the dynamics is 

illustrated in figure 15 where the total decay law ^ (T ) and the probability for the 
electron to be localized in a given Rydberg series Pj{x) are plotted vs time on a 

logarithmic scale for^ =0 (upper panel) and Af *12 (lower panel). Fcr the higher value 
of M the system exhibits remarkable stability and the decay to the continuum begins 
only by a ms or so (at which point many other processes have already interfered). Yet 
the extreme stability is not due to the different couplings being inoperative. Just as for 
the lower M value of the upper panel, there is a prompt interseries coupling followed by 
a quiescent Stark sampling of higher / values. Only the coupling to the continuum is 
'switched off due to the high value of M. 

The presence of an external magnetic field [40]cr that of other ions [36-38]which 
break the conservation of M and mix in states of higher M , should enhance the 
contribution of the long lifetimes. 

(iii) . In general, an initial state samples much of the available bound phase space before 
exiting to the continuum. The bottleneck is the coupling to the discrete Rydberg series 
with direct coupling to the ionization continuum. For the dipolar coupling, the exit 
from the Rydberg series which is initially excited is primarily up in n . 

(iv) . At short times, of the order of the Stark period 

(2n/3nF(au) s {260.5/ nF(V / cm)) ns), there is a clear signature of the / mixing 

induced by an external DC field and this does slow down the interseiies coupling, (see 
figures 10 and 15) At longer times, the mixing of the different series practically reaches 
a steady stale and the primary role of the external DC field is to facilitate the coupling 
and thereby to shorten the long decay times, (see figures 15 and 17 below) 

(v) . A Rydberg electron which auto ionizes by no means does so by the most direct 
route (an 'up' process), i.e., by one or more, as required, steps of An >0. Rather, 
unless the initial « is very high, the first transition is typically 'down' for which An < 
0 or, equivalently, Aj > 0. as is clear from figure 15 where for an initial state localized 
in they » 8 series, the series y * 10 and 12 are populated before the series y « 6. which is 
directly coupled to the continuum. It is only the highest n values which typically exit 
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straight up. Such high n values are typically possible only in the Rydberg series which 
is directly coupled to the continuum. 




log(T/ns) 

Figure 15. The overall decay kinetics and the population in the different bound Rydberg 
series vs. t (in ns, logarithmic scale) for a quadrupolar coupling with the molecular 
parameters of Na 2 *^. lop panel A/ s 0, bottom panel A/ » 12. The initial excitation is in 
the j series. For the detail of the basis sets, see figures 13 and 14. Note for the top 
panel Af = 0 : (i). The prompt interseries coupling prior to the onset of I mixing, (ii). 
The quiescent regime during the first Staik period ({260.5/nF(V / cm)) = 21.5 ns) 
(iii). The low population in the bound Rydberg series which is directly coupled to the 
continuum (J = 6) For the bottom panel, A/* 12 , note: (i). the extreme stabiUty (P (t) 
only decreases by about 1 ms, at the very end of the time scale) . (ii). Despite the 
narrower bottleneck to the continuum there is a rich sequence of bound - bound 
transitions as much as in the top panel (Af sO). (iii). the quasi equilibrium that is 
estabhshed between the different series by about 50 ns. 
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7. Time and Frequency Resolved ZEKE Spectra 

The model used here to compute time and frequency resolved ZEKE spectra is that of the 
rotational autoionization of high Rydberg states in Na2* The Hamiltonian and other 
computational details are given in reference [73] Time and frequency resolved ZEKE 
spectra are shown in figure 16 as a function of the excitation frequency, co , where o> a 
0 corresponds to the lowest threshold for ionization. The computation is for a strength 
of the external (= stray) DC field of 0.1 V/cm and the excitation frequency is between the 
thresholds (lowered due to the presence of the external field) of they s 4 and y a 6 series. 
That is, the y s 4 series are in the continuum and the y ^ 6 series are bound, but only 
the y a 6 series is directly coupled to the continuum. Zero order states of a common 
value of M (M « 0) belonging to four Rydberg series coupled by the quadiupolar 
anisotropy of the core (selection rule Aj « ± 2)are retained in the zero order basis set. 
The basis spans an energy range wider than the energy width of the Stark manifold, 
/ 2.34 10^ cm’ ^ where Fg is in V/cm and there are 37731 zero order states in 

that energy range. Only the zero order states of the y s 6 series are directly coupled to 
the ionization channels and there are 1816 open ionization channels. The small number 
of open channels (1816) compared to the large number of bound states (37731) implies 
that the rank of the rate matrix r is low and hence that there wUl be a bimodal 
distribution of the individual lifetimes, cf. figure 11 above. For all the three panels of 
figure 16 the optical excitation by the laser is into the zero order states / S 2 of the y « 
10 and y s 12 series. The width of the excitation laser is 0-2 cm‘^ . Within each panel, 
the spectra are plotted for increasing values of the delay times, t. The three panels of 
figure 16 correspond to increasing strengths of the pulsed field used for detection, that is 
to a larger number of detectable series since the detection window is deeper (cf. Eq. (2.1) 
ofref. [73]) 
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Figure 16. Three ZEKE spectra vs. OJ, a full dynamical computation for a stray dc field 
f* j * 0.1 V/cm. Different delay times T are shown, as indicated. Note that in the top 
two panels, the intensity first increases with T. See figure 8 for the corresponding decay 
kinetics. All three computations are for optical excitation into the j a 10 and 12 series, 
with different detection windows, as indicated, for a laser width of 0.2 cm' See text for 
more details. 
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7.1. DECAY KINEnCS 

The decay kinetics, obtained by integration of the ZEKE intensity for each delay time, f, 
are plotted vs. f in figure 8, for the spectra shown in figure 16. For the two upper 
panels, the region of optical excitation is not included in the detection window. In this 
case, the dependence of the ZEKE intensity with respect to the delay time is non 
monotonic due to the non commutation of the detection window 77 with the molecular 
Hamiltonian {cf. Eqs. (3.10) and (3.12) and the discussion in Section ID of ref. [73]) At 
the delay time T s 0, there is little intensity in the detection window because there was 
not extensive sampling of phase space for the short time that the laser was effectively 
’on' (Eq. (6.1)) so that not much population reached the^ « 6 series from j =12. Then 
for delay times f in the sub^, the population within the detection window is rising as 
population makes its way into those series which are not optically accessed but which 
are detected. We have previously established[35] that this is indeed the time scale of the 
interseries coupling, assisted by the stray field. Our earlier results showed that the 
interseries mixing time depends on the strength of the stray field (see figure 5 of the ref. 
[35] ) and we have verified, not shown, that the early rise is indeed enhanced by the 
presence of the field. After about 1 ^s, the populations within the different Rydberg 
series reach a steady state. 

When the detection window includes the region of optical excitation, as in the 
bottom panel of figure 16, the highest intensity is obtained for t = 0 andmonotonically 
decreases for t >0 due to the autoionization process. In this case, the decay kinetics 
(plotted in bc^om panel of figure 8) can be accurately fitted to a biexponential form[48] 

ZEKE(t)^anp(~r/Ts/tort) + ^^*p(-‘'^long} 

with a short ( » 1.9 and a lor^ ( = 77 ^)time component that differ by 

more than an order of magnitude, a + 6 is the initial integrated intensity. As is obvious 
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and discussed in more detail below, the detected initial intensity depends on the detection 
window. The deeper the collection for detection, the higher the intensity. Many 
molecules can be in the ’dark' reservoir [4S] of undetected states and as seen in figure 17 
below, these differences can be quite dramatic, with the great majority of molecules 
escaping detection for any reasonable delay time f. These are the molecules that fail to 
ionize on a realistic time scale even though there is enough energy for the electron to 
escape. 

The existence of two time scales in the decay kinetics is related to the bimodal 
character of the distribution of the individual decay widths of the decay rates, cf. figure 
11. We have shown elsewhere [35] how the prompt and the delay branches of the 
individual decay rates are due to dynamic bottlenecks in phase space resulting from an 
incomplete mixing of the zero order stales. In particular, the delayed lifetimes in the tens 
of //s are due to the incomplete interseries mixing between the zero order states that are 
directly coupled to the continuum and those which are not and cannot be recovered on the 
basis of a one series model (see figure 13), where the only factor in elongating the 
lifetimes is the intraseries dilution [28, 29, 3l]that is, induced by the external dc field. 

As can be seen from the two upper panels of figure 16, there is little intensity 
that is transferred to the detection window during the excitation step, even though the 
interseries coupling is included in the molecular Hamiltonian while the excitation by the 
laser is on (cf. Eq. (6.1)).The reason is that the time for which the interseries coupling is 
acting during the excitation step is governed by the width of the laser, which 

typically varies between 0.3 and 0.01 cm'^ in ZEKE experiments. Therefore, the time 
during which the excitation by the laser is effectively on varies between 0.113 and 3.33 
ns, which is more than one order of magnitude shorter than the time scale of the 
quadrupolar interseries coupling in Na2***- As a result, no extensive interseries coupling 
can take place during the excitation step. For this same reason, the width of the laser 
does not affect the values of the short and long decay times in equation (7.1). 

The prompt decay rate is found to scale as « ' ^ which is expected since the 
promptly decaying Rydberg states are mostly localized in the series y s 6 that is directly 
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coupled lo the ionization channels. [35] The long decay times also increase with 
increasing n and the increase is even more pronounced than for the shorter lifetimes. 
The variation with n is significantly faster than n which is often cited as the increase 
expected due to lifetime lengthening by intraseries dilution due to the stray electrical 
field. But we know that the long time component corresponds to Rydberg states that are 
mostly localized in the higher; series which are not directly coupled to the continuum. 
It is thus primarily the result of incomplete; mixing [35, 51]. 

As will be discussed next, the actual values of the short and the long decay times 
also depend on how far are those series that are optically excited from the Rydberg series 
that is directly coupled to the continuum. The short time component decays faster for an 
optical excitation in the series that is directly coupled to the ionization channels. 

7.2 THE EVIDENCE FOR RESERVOIR STATES 

Reservoir states, which are not detected by the delayed ionization and which do not 
autoionize but where the system can temporarily Iiide* were introduced in section 4. It 
was assumed therein that upon autoionization from those series which are effectively 
coupled to the continuum, the molecules from the reservoir will repopulate these series 
thereby providing for a long time decay component. Reservoir states are possible 
because of the electron - core coupling which allows the principal quantum number n to 
decrease below the detection threshold. A stray electrical field can cause an increase in I 
and thereby protect the Rydberg electron from autoionization but it cannot fully protect 
it from being detected by ionization in an external field* . This subsection discusses the 
quantum dynamical evidence for such states. 



* A stray field can provide some protection against ionization. The reason is that there 
are both red and blue shifted Stark levels. So the efficiency of ionization is not strictly a 
step function in n [18, 74, 75] 
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The decay kinetics corresponding to four diiferent optically accessed states, { A\i) 
) localized in the ^ ^2 states ofthey = 6,y»8,/» lOand J = 12 series respectively is 
plotted in figure 17. For all the four initial states, the spectra are computed for a 
detection window restricted to the states of the / * 6 series. The integrated ZEKE 
intensity is normalized to the total area. The population in the / =6 series decays in a 
few /IS. Hie reason for the rather prompt decay of the population in the series is 
that y s 6 is the series that is directly coupled to the continua. Therefore, due to 
incomplete J mixing, [35]the prompt lifetimes of the individual eigenstates are mosdy 
localized in this series. Note, however, that even for this case there is a long time 
component, albeit smaller. 

When the optical excitation is only into a series directly coupled to the continuum 
there is a rapid loss of population by autoionization, figure 17, because there is a 
bottleneck, due to the incomplete; mixing, separating this series from the rest of phase 
space [35, 51]. Once, however, the optical excitation is only/also to the other side of 
this botdeneck, a significant fracdon of the systems excited proceed to sample the rest of 
phase space (which is not detected because of the concomitant lowering ofw ) before 
returning to the detection window. One can therefore speak erf Veservoir states' where the 
system can stay and be hidden from detection. These are 'reservoir' states because once 
series of lower j are depleted by autoionization, they slowly repopulate these series. The 
quasi equilibrium that is established between the detectable and the reservoir parts of 
phase space is seen in figure 17 in that the longer time decay kinetics are almost 
independent of which series is being excited just as long as it is not directly coupled to 
the continuum. 

It is the quasi equilibrium steady state that is eventually (> fis's) established 
between the reservoir states and the promptly autoionizing series that is responsible for 
the typical ZEKE frequency spectra, which are measured in the many /is's delay, being 
time independent, except for an overall decrease in the intensity with the delay time. 
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Figure 17. Decay kinetics of the integrated ZEKE intensity, for optical excitation into 
four different series, j * 6. 8, 10, 12 as indicated. The spectra are computed for W = 0 
and F = 0.1 V/cm using the same four series basis set as in figure 13. Fcff all four 
curves, the detection window is confined to j a 6. The insert shows the short lime 
kinetics which exhibit the sub ^s buildup of population in j ^ 6due to interseries 
coupling, including the short time Stark oscillation. [29, 35] Note that excitation into j 
= 6 (which is the series directly coupled to the continuum) results in an almost 
exclusively prompt decay with hardly any long time component. See text for a kinetic 
model which mimics the dynamically computed decay. 



7.3 THE DETECTION WINDOW 



Increasing the detection depth should harvest more intensity because lower values of n 
and hence additional series can be detected. Quantitative results were shown in figure 16 
the ZEKE intensity is plotted vs. the delay time for three different detection windows 
which correspond to three values of strength of the pulsed field used for detection, in 
increasing order. In this computation the optical excitation is into the higher j series (j 
= 10 and 12) and only at the highest electrical field strength shown in figure 16 lower 
panel can these series be detected. For the two detection windows that do not include the 
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region of optical excitation, the dependence of the ZEKE intensity with respect to the 
delay time is non monotonic, with a rise in the sub/tstime domain, that corresponds to 
the building of intensity in the detection window due to the interseries coupling followed 
by an overall decay due to the autoionization process. 

As can also be seen in figure 16, there is about an order of magnitude drop in 
intensity per each additional intermediate series separating the optically accessed series 
and the detection window. Note also that when the region of optical excitation and the 
detection window do overlap, the intensity of the maximum of the ZEKE peak is about 
10 times higher. Similarly, due to interseries coupling, the relative integrated intensities 
corresponding to the different detection windows vary with the delay time between 
excitation and detection. 

In figure 18. the ZEKE intensities for two detection windows, corresponding to 
the Rydberg states localized in the j =2 (dashes) and in the ^ « 0 and 1 (solid line) 
series, are plotted as a function of the excitation frequency for delay times equal to 0.0 
(upper panel), 0.25 (middle panel) and 20 iis (lower panel). The spectra have been 
computed for the initial state j * 2, n »70 / » 3 in NO at F = 0.5 V/cm for a narrow 
laser width equal to 0.005 cm"^ . At this field strength, the two lowest Rydberg sales,/ 
= 0 and / s 1 , are above the IT limit and well mixed. Figure 18 emphasizes the 
difference between the ZEKE wave function and the optically accessed state. Only they 
= 2 series is accessed initially. But even at r * 0 there is already non negligible 
population in the adjacent j * 0 and 1 series. This is due to the evolution (= samplii^ 
of phase space) which takes place during the laser pulse. The narrower is the pulse in 
frequency, the more time there is for this sampling prior to any onset of detection. 
However, because ordinary real lasers do not have such narrow frequency widths which 
correspond to time intervals in the ^ range, it will not be the case that the sampling of 
phase space is largely over by t <0, i.e., before the detection interval starts. It is this, 
seemingly a limitation of real lasers, which allows the delayed detection to be used as a 
probe of the dynamics in phase space. The fast oscillations seen in the upper panel of 
figure 18 are of the order of the Staik spacii^ (3nF (V/cm) x 4.268 10*^ cm*^ ). In the 
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intermediate panel where the delay time corresponds to about 25 Staik periods for the j 
=2, na 70 state, the population in the lowest series j sO and I is already more uniform. 
By this time, the integrated population in the different series has already equilibrated. 
The integrated population in the j * Oand^ * 1 series is about 1/6 of the population in 
the initiaUy populated series ; = 2. At all delay times, the population in the two highest 
series y a 3 and y a 4 remains negligible. For these series which are above the IT limit, 
the interseries coupling is not very efficient. In the bottom panel, the remaining 
integrated intensity is about 10*5^ of the initial one. The prompt states have decayed and 
the sharp peaks are due to very long living Rydberg states. 
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Figure 18. ZEKE spectra of NO (for detail on the computations, see ref [16] ) as a 
function of the excitation frequency for three different delay times as indicate. The 
spectra are computed for the initial state j =2. n =70, ^ = 3 at f*® 0.5 V/cm with the 
same five series basis set as in figure 10 for two detection windows : one that 
corresponds to the stales of the series initially excited (dashes) and one that corresponds 
to the states of the two lower series / = 0 and 1 (sohd). At zero delay time , f » 0, only 
a small amount of population transfer to the lower series has occurred (upper panel). In 
the intermediate panel, the delay time is about 10 Stark periods, and Ae interseries 
TOpulalion transfer is significant. For longer delay times (lower panel), the integrated 
fraction of the remaining total population (•lO^) in each series is about constant . 
However, as a function of the excitation frequency, the relative fraction of population in 
the different series still varies in a non monotonic way. Note how the spectra are 
sharpening as a function of the delay time, due to the depletion of the promptly decaying 
states. 
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8. Concluding Remarks 

We emphasized the physics and the quantal description of the coupling of a high 
Rydberg electron to the molecular core. The technical problem is the extremely high 
density of slates. This is because there are « ^ Rydberg states of a given series per unit 
of energy. Each one of these slates of a given n is n ^ degenerate (n values of / each 
of which is 21 + \ degenerate). Furthermore, each quantum state of the core has its own 
Rydberg series. The net result is that in the energy range of interest to ZEKE 
experiments there are over 10^ quantum states per cm' ^ even for diatomics! This is just 
too many states to handle. Of course, the multitude of / states only comes in if the core 
and/or the external electrical field breaks the spherical symmetry and the m states are 
accessible when the cylindrical symmetry is broken. But when they all are, the volume 
of the bound phase space is enormous. 

Why does one need quantum computations? Surely at such high density of states a 
classical description should be realistic. That is very largely true as far as the motion of 
the Rydberg electron is concerned, and the Stark splitting of Rydberg states tends to 
uniformize the density of states and make this even more true. Quantum effects can 
come in for the description of the energy states of the core*. The point is that the 
spacing of the levels of the core is large compared to the spacing of high Rydberg states. 
Hence a change of state of the core must be accompanied by a large change in n. But in 
classical mechanics the core can lose/gain any amount of energy and hence induce also 
small (and unphysical) changes in n . Indeed, the quantum mechanical coupling is larger. 



* Note how this is inverse to the usual situation where the electrons are described 
quantum mechanically and the motion of the heavy atoms of the core is often handled 
classically. 
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cf. figure Ay when the changes in « are finite. We needed to know how important this 
purely quantum effect due to the quantization (rf the levels of the core is. 

FuUy realistic models also need to account for predissociation. The large chaises 
in n needed to dump large aniounts of energy into the core are sometimes facilitated by 
Rydberg - valence electronic coupling. More woik is needed in this direction as well as 
on the inverse process namely the ionization due to the excitation of the core. Is it 
essentially thermal (as in the so called thermionic effect) or does it too show a multitude 
of time scales. 

Theoretical studies of the detailed dynamics of larger molecules are still missing. 
This is both because of the much larger phase space associated with a non linear rotor 
and because of the high density of vibrations. The predissociation of van der Waals 
adducts [13, 24, 25] and the possibility that there is more than one route for pumping 
energy into the weak bond (by IVR from the chemical modes and/or directly by coupling 
to the Rydberg electron) merit more attention. [23] It is to be expected that the 
description using a mapping [50] or even using a diffusion equation [1] will be more 
realistic for these larger systems. 
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1. Introduction 

Magnetic field effects on molecular spectra have been investigated since the 
beginning of high resolution molecular spectroscopy [1]. Almost 
simultaneously, the zero-field structure of multiplet states of diatomic 
molecules was established by HiU and Van Vleck[2] and Mulliken[3], while the 
theoretical description of the Zeeman effect in doublet states was proposed by 
Hill [4]. Most of the studies, both experimental and theoretical, carried out 
during the following decades concerned (he ground state of diatomic molecules, 
as for instance the ground state of NO[ 1,5,6,7]. More recently, the Zeeman 
effect has been proved to be very helpful for assignment of molecular electronic 
spectra [8,9], and to be also a sensitive probe of perturbations within a complex 
system of close lying electronic states as for instance in [10]. In these latter 
studies, the Zeeman effect was essentiaUy used as a tool for understanding the 
strong intramolecular couplings. The present study will be focused on specific 
effects due to the magnetic interaction and to the interplay between this 
external interaction and the intramolecular coupling on molecular Rydberg 
st^es. 

Unlike the very few spectral studies carried on Rydberg molecules in 
strong magnetic fields, Rydberg atoms and more especially highly excited 
atomic hydrogen in strong magnetic fields (B-MO T) have been intensively 
studied over the last 15 years (see for instance D. Kleppner et al.[ll]). Much of 
the experimental and theoretical work has been focused on the high Rydberg 
states , «>30 for which the excited electron travels large radial distances from 
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the nucleus (r > 1000 ao) and consequently the quadratic Zeeman interaction 
competes with the Coulomb interaction. In the lower energy region, n^30,lhe 
linear Zeeman effect dominates the magnetic interaction for an atom in 
laboratory fields and is often called ’'trivial" Zeeman effect, due to the 
simplicity of the spectral structure. In the same range of energy for a Rydberg 
molecule, the linear Zeeman effect should be called ’'non trivial" as first 
proposed by Monteiro and TayIor[12]. Indeed, the Rydberg electron moves 
through three different regions along the electronic coordinate, an inner region 
where the strong intramolecular field dominates, an intermediate region where 
this interaction gradually wanes and in which a dynamic coupling occurs 
between the "slow" electron and the "fast" core rotation, and finally an outer 
region in which the magnetic interaction dominates. As will be shown below, 
this situation corresponds to an evolution in the coupling scheme for the 
electron. 

The following discussion will be illustrated on the example of the NO 
molecule which can be considered as a “one-electron system” in its Rydberg 
states converging to the closed- shell x'l* ground state of NO*! 13], similar to 
the one-electron alkaline Rydberg atoms. In such a Rydberg molecule, all the 
electronic properties of the Rydberg states depend directly on the character of 
the Rydberg orbital The effects of the magnetic perturbation by a 
moderately strong field of about 1 T will be presented for penetrating {np) and 
non penetrating {rf) states probed by double resonance multiphoton excitation. 
We will restrict our discussion to the range of principal quantum numbers 
4 < rt 5 50 , which corresponds to well resolved Rydberg spectra. The magnetic 
field effects on higher Rydberg states, especially those who play a role in the 
ZEKE experiments (nS 200) will be only briefly mentioned at the end of this 
chapter. 



2. Experimental 

The spectral congestion in the energy region of interest for molecular Rydberg 
states is now currently reduced by using highly selective excitation as the 
resonant two-color multiphoton ionization technique. The experimental setup 
used in the present study has been described elsewhere [14]. Briefly, the 
experiment was carried out in a "magnetic bottle" time-of-flight election 
spectrometer. A highly inhomogeneous magnetic field, diverging from the 
nominal value of 1 T in the ionization region down to 10*^ T in the drift tube 
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was used to parallelize the electron trajectories without changing their initial 
velocity. However, for the present study, the magnetic field could be considered 
as constant and equal to 0.93 T in the effective excitation volume. The pump 
and probe laser intensities were kept as low as possible in order to avoid 
saturation and broadening effects in the double resonance spectra : typical pulse 
energies were 3*15 pJ for the pump laser and 30-100 nJ for the probe laser. The 
two excimer pumped (Lambda Physics EMG 101) dye lasers were operated 
with a laser bandwidth of 0.08 cm*' for the pump laser (Quantel TDL HI) and 
0.04 cm*’ for the probe laser (Lambda Physics FL 2(X)2, including an intra- 
cavity etalon), respectively. For some probe transitions, a frequency doubling 
crystal was used. 

The excitation process involves two steps as shown in figure 1 : in the first 
step, an intermediate rotational-Zeeman sublevel of the (3sa), v=l state of 
NO is pumped via a two-photon transition with the pump laser. In the second 
step, (he high lying np and nf Rydberg states with v*=l are excited via a one- 
photon transition with the probe laser. These excited states are further ionized 
via vibrational autoionization into the v*=0 ionization continuum (the 
ionization mechanism was characterized by photoelectron spectroscopy [14]). 
In this experiment, the two-photon pump step is mainly responsible for the high 
selectivity of the process, since only one specific N, Ms rotational-Zeeman 
component of the A state was populated. In each Ms=i 1/2 component, the Mn 
sublevels were not resolved but their population was taken into account in the 
spectral simulation described in section 4 below. The last step, i.e. the 
autoionization step of the high Rydberg states, was saturated and therefore did 
not strongly affect either the intensity or the bandwidth of (he peaks in the 
observed spectra. Consequently, the double resonance spectra which will be 
presented below can be considered as only governed by the Rydberg-Rydberg 
transition from the A state (probe step) in a nominal magnetic field of 1 T. 



3. Competition between intramolecular field and external field in a 
Rydberg molecule 

3.1. ZERO-FIELD STRUCTURE 

In order to understand a Rydberg-Rydberg transition in a magnetic field, one 
has first to consider the zero-field situation. The diagram of figure 1 shows the 
zero-field allowed transitions from the intermediate rotational level Ns*3 of the 
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(35a), v=l state. Although the A state Rydberg orbital is mainly a 35 
orbital, it has been shown both experimentaDy[15] and theoretically [16] that 
this orbital also contains a small amount of d character leading to a significant 
oscillator strength towards «/ states, and not only towards np states. The total 
parity of the levels involved in the observed transitions is indicated in this 
figure. It corresponds to Hund’s case (b) parity for the intermediate A^S*“ state, 
i.e., (-1)^ and to the Hund’s case (d) parity for the upper «/and np states, 

i.e., (-l)^ ^ where N stands for the total angular momentum minus spin of the 

intermediate A state, and and t are the core total angular momentum and 
electron orbital angular momentum, respectively, for the upper Rydberg state. 
Only the levels with positive parity in the upper Rydberg states have been 
indicated since transitions to levels with negative total parity are forbidden 
from the N=3 level of the A state. Therefore, only the odd N* levels, N*=l, 3 
and 5 can be probed by P, Q, R transitions from the N=3 level of the A state to 
the nf((=i) and np (f=l) states. The schematic diagram of figure 1 illustrates 
the spectral pattern of a typical case (b) to case (d) transition : the ion core 
rotation governs this structure with three bunches of close lying lines, each 
group corresponding to a specific value of N*, separated from each other by the 
rotational quantum of the ion core ( is the rotational constant of 

the ion ground state). As appears in figure 1, within each manifold, the R, Q 
and P lines couple the intermediate level with upper N components. This N sub- 
structure corresponds here to the electronic fine structure of the Rydberg 
molecule and is entirely related to the effective molecular core anisotropy. 
When Hund’s case (d) is approached (high n levels), this structure exhibits only 
small splittings arising from the core anisotropy. This will be shown in more 
detail below, on the example of the non penetrating nf states. 

In addition to the molecular core anisotropy, the Rydberg electron can be 
coupled to the vibrational and rotational motions of the core. Although the 
vibrational coupling can be very important and responsible for autoionization 
processes as mentioned in the previous section, this coupling essentially leads 
to a line broadening in the Rydberg-Rydberg transition. In the following 
discussion, the vibrational coupling will be disregarded since broadening 
effects are negligible in the present study. The rotational coupling (the so-called 
^-uncoupling) tends to uncouple the orbital angular momentum i of the 
electron from the intemuclear axis and to couple it to the rotational axis of the 
core given by the angular momentum N* . This situation corresponds to the 
transition towards Hund’s case (d), for which the molecular anisotropy, i.e., the 
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3sa 



x^n 



W*3 




N*3 



r=sn 



Figure J. Zero-field allowed transitions from Ihe v=l» N=3 

inlennediale level to the n/v=l (full arrows) and (dashed arrows) 

states, from ref.[l7]. Note the unusual order of energy levels associated 
with N in the upper Rydberg slates, originating from the core anisotropy 
effects (see the text). 



electrostatic coupling to the intemuclear axis becomes smaller than the 
rotational coupling with increasing principal quantum number n. The core 
anisotropy strongly depends on the penetrating character of the Rydberg orbital, 
or, in other words, on the quantum defect. In all cases, this electrostatic 
coupling decreases with increasing «, as shown in figure 2. 

The first consequence of the core anisotropy is a lift of degeneracy of the ( 
levels into X electronic components, as illustrated for instance in figure 2 by the 
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a and n components of the np states. As the electron moves farther and farther 
away from the molecular core, the strength of the molecular field rapidly 
decreases, roughly as l/rt^ leading to an effective core anisotropy strength 
which depends not only on i.e., on the penetrating character of the Rydberg 
orbital, but also on «, following a scaling law roughly proportional to 1/n^. 
Figure 2 shows that, among all known Rydberg states of NO, the penetrating np 
states exhibit the strongest core anisotropy (with a quantum defect of about 0.5- 
0.7) [13,18] while the non penetrating n/ states show essentially no anisotropy 
(with an almost zero quantum defect) [15,19,20]. 




Figure 2. Intra-niolecular anisotropy in the Rydberg states of NO as a 
function of n, from ref [21]. The effective (n-dependenl) anisotropy 
strength is given by the energy difference AT between the observed 
electronic term values and the Rydberg formula (zero quantum defect). 
The core rotation structure (independent of n) is also shown for 
comparison. 
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On (he contrary, £~uncoupling does not vary with n and only depends on 
the rotational constant of the ion core. For high n states, the orbital motion of 
the electron becomes slower than the rotation of the nuclei and a breakdown of 
the Bom-Oppenheimer approximation gradually takes place. In other words, the 
electrcric splitting between the X components of an nt complex decreases as 
\/n^ while the rotational splitting, governed by the core rotation, remains 
unchanged for all n values, as shown in figure 2 on the typical rotational 
structure of a Rydberg-Rydberg transition displayed on the same energy scale. 

In the limiting situation of Hund’s case (d), £ does not quantize any more 
on the intemuclear axis but rather on the rotational axis of the core defined by 
the vector with the projection •5=N*bT. The structure is then dominated 
by the rotational structure of the core and the electronic structure due to the 
core anisotropy appears as a smaU N(or^) substrucmre for eachN* level, as 
shown schematicaUy in figure 1 and in figure 3 below for the case of the non 
penetrating nf states. 




a 



b 



Figure 3. Long range interaction in the nf states of NO from ref [21] (a) 
calculated AT splittings between the components for wl and «*15 ; AT 
is given by ATaT-To(/i/)-B*N*(N*+l). where T is the total electronic- 
rotational term value, It^nf} is the rotationless term value excluding the 
anisotropic contributions and BT'T'thT+Ois the rotational energy of the 
core, (b) observed energy splittings of the 4/ levels. 
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For these nf states, the uncoupled situation occurs already for the lowest 
members of the series 5/...)[19], while, for the penetrating np states, two 
different ranges of n can be distinguished as indicated on the left side of figure 
2, the low n region where the structure is dominated by the core anisotropy and 
the high n region where the structure is dominated by the core rotation. 

For the non penetrating «/ states of NO, the core anisotropy reduces to 
long range interactions due to the quadrupole and the polarizability of the 
molecular core as was described in detail by Jungen and Miescher[19]. This 
long range interaction can be calculated analytically [19,14,22] and leads to a 
lift of degeneracy of the ^ (or N) electronic components of the same N* 
rotational level, displayed in figure 3. As shown by the two energy scales in 
figure 3a, the scaling law in \/n^ for the long range interaction strictly applies. 
A second interesting point illustrated by this figure is that, except for a very 
slowly rotating core, that is, for the lowest values of N*, the splitting due to the 
core anisotropy becomes independent of IC. This means that the Rydberg 
electron does not follow the core rotation, or, in other words, that the electron 
no longer moves in the molecular frame but rather in the laboratory frame. 

3.2. THE DIFFERENT FIELD REGIMES 

In a Rydberg atom, a strong field situation occurs when the magnetic 
perturbation dominates the Coulomb structure. In a Rydberg molecule, because 
of the molecular fine structure described in section 3.1 above, a larger variety 
of field regimes occurs : these different regimes are governed by the 
competition between the field anisotropy and the intramolecular anisotropy on 
one hand, and the field anisotropy and the coupling with the core rotation on 
the other hand. The magnetic perturbation operator for a one electron system 
can be written as follows : 



^magn * l^g(Lz'^2Sz)B+—B^r^ sin^ $ (1) 

otn 

where ps is the Bohr magneton, B is the field strength, e and m are the charge 
and the mass of the electron, respectively, and r and ^ are the polar coordinates 
of the electron. The Z axis of the laboratory frame is chosen along the field 
axis. Lz and Sz are the electronic and spin angular momenta along Z, 
respectively. In the present work, the field strength is equal to 0.93 T. 
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The first term of equation (1) is responsible for the linear Zeeman effect 
(LZE). In a 1 T field this perturbation is roughly of the order of ^^5 0.5 cm*, 
the second term represents the quadratic Zeeman effect (QZE) or diamagnetic 
effect It is roughly proportional to In a 1 T field, this perturbation is 
negligible for the low n states, becomes comparable to the linear Zeeman 
perturbation for nk35 and, finally, is responsible for the dominant perturbation 
of the molecular system for high n states. The different orders of magnitude for 
these interactions are summarized in table 1 at the end of this chapter. 

The different perturbation regimes experienced by the Rydberg electron 
mainly depend on the value of n and on the penetrating character of the 
Rydberg orbital ,i.e., on the value of t. These regimes are given in the 
diagram below. 



linear Zeeman effect («c B) 



all 
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molecular anisotropy 


core rotation 
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high n 
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quadratic Zeeman effect («• n* 
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Figure 4. Competing interactions in a Rydberg molecule 

The presence of an external magnetic field introduces a spatial anisotropy 
in the laboratory framework, so that the total angular momentum N is no longer 
a good quantum number, in other words, the magnetic field induces N-mixing, 
and only Mn. its projection along the field axis remains a good quantum 
number. The motion of the Rydberg electron must be now described in three 
different regions : at short range (small radial electronic coordinate) the 
electron strongly couples to the intramolecular field and f is quantized along 
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molecular axi^ 
case (b) 




rotation axis magnetic field axis 

case (d) uncoupled case (d) 



Figure 5. Coupling schemes for a Rydberg molecule : for low n and low i 
states, ( is quantized along the inlemuclear axis (intramolecular field), 
case (b) ; for high n or high £ stales, in the absence of an external 
magnetic field, i is quantized along the rotational axis of the ion core, 
case (d) ; for high n or high i states in presence of a magnetic field, both 
N* and ( precess independently around the field axis, uncoupled case (d). 
Quantization axes are indicated by dashed lines. 



the inlemuclear axis, conforming to the Bom-Oppenheimer Hund’s case (h). At 
larger distances from the core the electron motion becomes much slower than 
the core rotation, and f is quantized along the core rotation axis defined by the 
N"*” vector, following the non Bom-Oppenheimer Hund’s case (d) situation. 
Finally, at very long range, the electron looses its molecular character and 
precesses almost freely around the field axis with ( now quantized along the 
field axis. Then, i and N* are uncoupled, and an uncoupled case(d) description 
applies. These three coupling situations are illustrated in figure 5 above where 
the three quantization axes appear as dashed lines. 

The distinction between coupled and uncoupled case (d) was introduced 
by Monteiro and Taylor [12], in their multichannel quantum defect theory 
(MQDT) treatment of the linear Zeeman effect. Indeed, they used two frame 
transformations instead of one in order to describe the electronic wavefunction 
in the different ranges of r sampled by the Rydberg electron. 
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The next two sections will describe with further details situations where 
the linear Zeeman effect gradually dominates the molecular anisotropy and 
where diamagnetic effects start to perturb the molecular structure. 



4. The linear Zeeman effect in a Rydberg molecule 
4.1. NON-PENETRATING STATES 

Non penetrating nf states of NO in a 1 T external field exhibit a fine structure, 
associated with each N* core rotation, which will depend on the relative 
strength of the external field perturbation and the intramolecular long range 
interaction. In the range of n for which only the linear Zeeman effect is 
significant, the former interaction is independent of n and gives rise to energy 
splittings of the order of ^gB^.5 cm*'. The later one decreases as \/n^ and 
gives rise to energy splittings which spread over 20 cm’* forns4 and 0.4 cm'* 
for nsl5- In other words, the magnetic perturbation gradually takes over the 
molecular anisotropy and finally dominates the electronic fine structure of the 
non penetrating slates. The evolution of the electronic fine structure when n 
increases is illustrated in figure 6. 




•2,fl h 
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Figure 6. Zeeman pattern of the nf complexes of NO in 1 T field {N+=3 
level), from ref. [14]; AT is defined as in figure 3. 
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It can be seen (hat, already for (he 7f state, N is no longer a good quantum 
number. Each level is split into (^(^+l)(2hT+l)) Zeeman Mn components. In 
the linear Zeeman regime, N or (-S^N-N*)is completely "mixed” while the 
projection of i along the field axis becomes a good quantum number. The 
magnetic energy correction is then given by the Paschen-Back formula 



A£r7P = + 2 W 5 ) ( 2 ) 

if one neglects the magnetic interaction with the core angular momentum N*, 
proportional to the nuclear magneton The second term of 

equation (2) has not been plotted in figure 6, for sake of clarity. Note that the 
spin structure M$ ® ±1/2 gives rise to identical energy splittings in aU Rydberg 
states and, therefore, is not observable in (he Rydberg-Rydberg spectra 
according to the A Ms = 0 selection rule. 

Figure 7 displays the Paschen-Back structure in the spectrum of the N*=5, 
15/ level, reported for the first time in [14]. As predicted above, five upper 
components, »-2,..., +2, are expected from the d character of the A state. 
The transition probability from the A state to high nf states can be calculated by 
using case (b) for the lower state and uncoupled case (d) for the upper state 
[14]. The corresponding simulated spectrum is also shown in this figure. 

4.2 PENETRATING STATES 

Unlike the non penetrating nf states, the np states of NO exhibit a large 
molecular anisotropy, as shown in figure 2. Consequently, the competition 
between this anisotropy and the field perturbation stands for a larger range of n 
values. A theoretical approach well ad^ted for these penetrating states is the 
multichannel quantum defect theory (MQDT) which fully takes into account 
the N* rotational channel mixing originating from the molecular anisotropy 
[17]. The MQDT approach used here follows exactly the treatment of Monteiro 
and Taylor [12]; as mentioned in section 3.2 above, two frame transformations 
are necessary to describe the molecular wavefunction. The first frame 
transformation connects the "isotropic" space-fixed (Hund’s case (d)) and the 
body -fixed (Hund’s case (b)) total w a vefu notions. The second frame 
transformation connects the "field-oriented" space-fixed (uncoupled case (d)) 
and the "isotropic" space-fixed (Hund’s case (d)) total wavefunctions. New 
asymptotic ionization channels ‘‘dressed” by the magnetic field are also 
introduced, defined by the set of quantum numbers {N*. mjand by the 
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Figure 7. Spectrum of the 15/^A transition from the N=3, Ms=*l/2 
intermediate level, from ref. [14] (a) observed (b) calculated. 



ionization energy En^- + pibB where is the zero-field ionization energy in 
channel N*. 

For the low np states, not yet a good quantum number because the 
levels are mixed by the strong molecular anisotropy. N is still a good quantum 
number (which corresponds to resolved P, Q and R spectral lines) and a 
molecular Zeeman structure occurs. On the contrary, for the very high np 
states, the magnetic field imposes its anisotropy and a nif atomic structure 
occurs in which the molecular {N, Mn} structure has completely collapsed. 

As an example, figure 8 presents the MQDT predictions for the strongest 
allowed np series (/i= 8 to 22) from the intermediate A, N=3 state, converging 
to the N*=3 limit in a 5 T field (stronger than in the present experiment). For 
the lowest 8p state shown in the bottom of figure 8, the case (b) applies, with 
weU resolved P, Q and R lines (N® 2,3 and 4, respectively). The Zeeman effect 
is negligibly small compared to the molecular anisotropy. With increasing 
the spacing between the N lines decreases and becomes comparable to the 
Zeeman Mn structure. Finally, the lip state exhibits an almost perfect atomic 
structure with a single line in which all the Mn lines are quasi degenerate. 
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n*(modulo 1) 



Figure 8. MQDT calculated spectrum of the np saks between n=8 and 
n^22s from the intermediate level A in a 5 T field, from 

ref.[21]. The horizontal scale comesponds to the effective principal 
quantum number modulo 1, with increments of 0.025. For 

instance, the scale of the 8p spectrum varies from 7.25 to 7.35 from the 
right to the left, and corresponds to the total energy range 75001,8 cm*^ - 
75058.2 For the 22p state, the corresponding energy spread is only 2 
cm*^ instead of 56 cm*'. The vertical scale corresponds to normalized 
oscillator strengths. 
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This extreme situation, in which the Rydberg molecule exhibits a alomlike 
structure within each rotational channel can occur only when the electron is 
uncoupled enough from the molecular frame and when its motion is well 
described in the space-fixed frame (Hund's case (d)). ff such a condition is not 
well fulfilled, extremely high fields are necessary to uncouple the electron from 
the molecular frame. This example on penetrating np states demonstrates the 
subtle interplay between molecular anisotropy and field anisotropy on the 
motion of the outer electron of a Rydberg molecule. 



5. The diamagnetism in a Rydberg molecule 

The quadratic Zeeman effect is a negligible perturbation for a 1 T field in the 
low lying Rydberg states of a molecule. Nevertheless, because it rapidly 
increases as its effect becomes comparable to the linear Zeeman effect (» 
0.5 cm'^) at about n*30. Above that value, the diamagnetism dominates the 
field interaction and gradually competes not only with the Coulomb interaction 
but also with the intramolecular field and rotational interaction. The atomic unit 
of magnetic field is 1.7 10^ T, whereas laboratory fields are generally less than 
30 T. As in Rydberg atoms, a "strong field” situation is expected to take place 
when the diamagnetic perturbation is of the order of magnitude of the Coulomb 
structure[ll]. This occurs when : 

(3) 

that is, around n»40 for a 1 T field as shown in (he diagram of figure 9. The 
selection rules for the diamagnetic perturbation are : 

An unrestricted 

■ A^s0,±2 (4) 

parity conserved 

The rule Am/ = 0 , which holds for Rydberg atoms is not a strict rule in the case 
of Rydberg molecules because of (he competition with the intramolecular field 
which induces an m^-mixing. can be considered as a good quantum number 
when the Paschen-Back structure dominates the molecular Mn substructure. 
Thus, as discussed above, non penetrating f states of NO follow the rule 




408 



=0 for n>15, vjhilc penetrating p states show a significant ntf mixing up 
to n»25. 

Magnetic fields, in contrast to electric fields, do not ionize molecules and 
atoms. They tend to compress the charge to the core and increase (he binding. 
This is illustrated in the diagram of figure 9 where the diagonal diamagnetic 
interaction of the np levels is plotted as a positive, n-increasing, energy shift 
from (he zero-field (Coulomb) energy. 

Figure 9 shows the strength of the diamagnetic interaction in comparison 
with the Coulomb n( structure in the region 30^ n ^52. Both n- and ^^nixing 
occur for n ^47, when the diagonal (Af=0) and the off-diagonal (A^=±2) terms 
exceed (he level energy spacing. In the high n energy region, there is not only 
/7-/'mixing but also mixing with higher f levels which are all degenerate in the 
zero-field situation with a zero quantum defect (f-h,...). 

Since the pioneering work of Garton and Tomkins in barium and strontium 
[23], diamagnetic effect has been extensively studied on Rydberg atoms, 
especially in hydrogen (see for instance [24, 25, 26]). Most of the interest has 
been focused on the problem of the highly excited diamagnetic hydrogen as a 




Figure 9. Diamagnetic interaction in the np and nf states of NO : (a) zero- 
field energy spacing between (n*I)p and np levels (b) diagonal 
diamagnetic shift of the np levels (c) np-nf off-diagonal interaction. 
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non- separable quantum system which turns chaotic as it approaches the 
ionization limit. In the high energy region which corresponds to a non- 
perturbative regime in which both the Coulomb force and the Lorentz force 
compete, quasi-Landau resonances have been observed. In the lower energy 
region, the field mixing can be treated in a perturbative approach leading to a 
fair description of the f-and n-mixing regimes. 

More recently, the highly excited H 2 molecule in a magnetic field has been 
theoreticaUy studied for the first time by Monteiro and Taylor [27]. These 
authors proposed an MQDT treatment including both linear Zeeman effect and 
quadratic Zeeman effect. 

In the following, we will restrict the description of a diamagnetic Rydberg 
molecule to the energy region of ^-mixing regime where the perturbative 
approach can be used (30 ^ ^ 45). The experiment is carried out again on the 
NO molecule, for which high quality zero-field data on high np and nf Rydberg 
states are available [13,28,29]. Both high np and n/ series have been probed at 
high resolution (0.04 cm*’) from the rotational-Zeeman sublevel N=3, Ms=+l/2* 
of the (3sa), val state. As mentioned before, the small d character of this 
intermediate Rydberg slate allows for direct excitation of the «/ series, even in 
the energy region in which the ^-mixing regime is not yet established. 

Transitions to Rydberg series converging to N*= 1,3 and 5 are allowed by 
zero-field selection rules (see figure 1). In the presence of a magnetic field, the 
additional selection rules are ; 

AMn= 0 (molecular ; low n) (5a) 

0 and AMn+® 0 (quasi-atomic, uncoupled case (d) ; high n) (5b) 

Since the Rydberg orbital of the intermediate slate is essentially a 3^ 
orbital (by more than 90%), one can consider the intermediate level as an =0 
level in the uncoupled description. Following the rule (5 b), the Rydberg- 
Rydberg transitions will then be dominated by np series with ^*=1 and m\^0 
in the high n region. The experimental spectrum of figure 10-e indeed exhibits a 
dominant np series consisting of a single peak for each n value (m'f=0) and 
converging to hTa:3. This series is shifted upward in energy from the zero-field 
term values of ref [28], by the «- increasing diagonal diamagnetic term plotted 
in figure 9-b. In addition to this series, weaker features appear in the spectrum 
among which the Paschen-Back structure of a nf series is easily distinguishable 
if compared for instance with the 15/ structure of figure 7. In this case, the d 
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character of the intermediate state allows transitions to m'^s 0, ±1, ±2, again 
from equation (5b). 

A very simple analysis can be performed in order to understand this region 
where ^-mixing takes place. The results are detailed in figure 10-a, 10-b and 10- 
c. The resulting calculated total spectrum is shown in figure 10-d. In this 
analysis, the ’'field-dressed" ionic channels have been used as in the 

treatment of the linear Zeeman effect of section 4.2. hi a first step, the Rydberg- 
Rydberg transitions to the np and nf states were calculated by using an MQDT 
approach, both in energy position and intensity in the absence of the 
diamagnetic interaction. Both series were considered independendy, by 
including the linear Zeeman effect, as well as N* channel mixing and m^mixing 
by the intramolecular field. An arbitrary factor of 2.2 (larger than the 
hydrogenic value) between the radial transition moments d(«/4-3"d") / 
d(np^y*s") was chosen. The resulting calculated upper levels exhibit both N*- 
and m, -mixing with relative weights for each value of N* and respectively. 
In the second step, (he diamagnetic interaction was included in a perturbative 
way as was shown in [30], by first assigning a pure character to 

each upper level from the dominant N* and ntf contribution to this level. The f- 
mixing was taken into account within each « manifold in this calculation, but n- 
mixing was neglected in the energy range of interest. For the np states which 
exhibit a non-zero quantum defect, the effective principal quantum number 
was approximated by the integer value «•!, in order to evaluate the 
» ±2 mixing. 

Figure 10 shows the detail of these calculations, with separated spectra for 
each rotational channel hTsI, 3 and 5, in figures 10^ 10-b and l()c, 
respectively, and the comparison between the resulting calculated spectrum, 
figure Kkl, and the experimental spectrum, figure 10-e. All calculated 
intensities are plotted on the same scale. It turns out that the spectrum is 
dominated by two strong series, the np series converging to N*s3 (figure 10-b) 
and the n/ series converging toN*s5 (figure ICk:). 

As prescribed by the selection rule (5b), the N*=3, np series of figure 10-b 
consists of a strong peak with weaker satellite lines on the low energy 
side which arise from the dilution of (he np osciUator strength into higher £ 
states through diamagnetic ^-mixing as was early predicted by Monteiro and 
Taylor in the case of [27]. 
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77020 77010 77000 76990 

Energy / cm*' 

Figure 10. DiamagneCism in the np and nf series of NO probed from the 
N»3, Ms=+l/2, level of the A^Z* (3s<t), v«l state. Calculated transitions 
converging to (a) the N*=l limit, (b) the the limit; the very intense 
np peaks are clipped at Vi of their calculated height in this figure (see the 
text) (c) the N*s$ limit, (d) total calculated spectrum (e) observed 
spectrum. Labels ‘p’ and are approximate in presence of diamagnetism. 
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The N*=5, rt/ series consists of the predicted five components and is 
also accompanied by high i lines due to f -mixing, on the high energy side of 
each manifold. The series converging to N*»! (figure lO-a) carries very little 
oscillator strength, and shows already a strong fixing between the bright / 
states and higher t states, due to the higher range of n values in the spectral 
region of figure 10-a, as compared to the other series. 

In spite of the various approximations of this theoretical analysis, the 
agreement between the calculated spectrum of figure lOd and the observed 
spectrum of figure 10-e is fairly good. This demonstrates that in the f -mixing 
regime, the diamagnetism of a Rydberg molecule can be described by a simple 
perturbative approach. 

The above calculations could be improved by introducing the 
predissociation of the np states as well as the n -dependence of the radial 
transition moments which both might considerably affect the relative intensity 
and bandwidth of the np and nf series. Predissociation and a possible Cooper 
minimum could probably explain the relatively low intensity of the observed 
N*^=3, np series, as compared to the calculated one. Lifetimes and 
predissociation of high Rydberg states are not considered in this chapter since 
they are the subject of other contributions in this volume. 



6. The motional Stark efTect 

When experiments on Rydberg molecules in a strong magnetic field are carried 
out in a gas cell, a motional electric field is produced by the thermal motion of 
the molecules in the magnetic field, according to F ^ vxfi, where v is the 
thermal velocity of the molecule. In the experiment described here (at 300K), a 
significant transverse motional field of about 4 to 5 V/cm is produced and can 
induce i- and m^mixing. Such a motional Stark effect changes drastically the 
dynamics of very high Rydberg states involved in ZEKE experiments even with 
a lower magnetic field strength [31,32,33]. A situation where the motional stark 
effect competes with the diamagnetic interaction was observed in the thermal 
lithium atom by Cross white et ai [34] and this competition was later 
theoretically analyzed by using the MQDT formalism [35] . The presence of this 
transverse field is, in many cases, considered as a drawback in experimental 
studies of diamagnetism. It has to be noted that the experimental cancellation of 
the motional Stark effect was recently performed in the high Rydberg states of 
strontium and made it possible to carry out experimental and theoretical 




Table 1. Comparison betwen the different interactions experienced by the np and n/Rydberg electrons of NO 
in a 1 T magnetic field (in cm**) 
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studies of pure diamagnetic effects in this atom [36]. The motional Stark 
perturbation mixes states with = ±1 and Am^ = ±1. This perturbation, 
proportional to n^F, does not increase with n as fast as the diamagnetic 
perturbation, proportional to as shown in table 1. Furthermore, even for 
degenerate high t states, the energy shift between two interacting states is of 
the order of the Paschen-Back splitting Table 1 shows the relative strength 
of all intramolecular and external field perturbations for n=20 and n=40, under 
the field conditions considered in this chapter. Let's consider for instance the 
bright np states : the 40p state is Stark mixed with nd and higher n( states with 
a mixing coefficient of 7% (since the energy spacing between 40p and 40d is 
of about 2.4 cm'*) while the same 4Qp state is already contaminated by 30% of/ 
and higher ni states from the diamagnetic interaction. Above ^=40. all 
interactions summarized in table 1 should be taken into account, leading to a 
complete and mrcnixing among the high Rydberg states of the molecule. 



7. Concluding remarks 

An external magnetic field is a very sensitive probe of the various couplings 
between the Rydberg electron and the molecular core. Contrary to a Rydberg 
atom in a magnetic field, a Rydberg molecule exhibits a large variety of 
situations due to the molecular core anisotropy and to the competition between 
this anisotropy and the field anisotropy as shown in table 1. Thus, successive 
frame transformations are necessary to describe the motion of the Rydberg 
electron from the core region to the outer field region. At very large distances 
from the core, and consequently for high n values, the diamagnetic perturbation 
takes over all other interactions and gives rise to strong f-and w- mixing within 
each rotational N**" channel. 

At the same lime, the rotational structure of the molecular core is, in all 
cases, little affected by the magnetic perturbation. A complete shake-up of the 
molecular structure by the magnetic field, involving the rotational structure, 
needs the presence of strong channel mixing. This N* channel mixing originates 
from the molecular anisotropy while the N-mixing originates from the field 
anisotropy. Therefore, both kinds of anisotropy are required simultaneously in 
order to perturb strongly the stmcture of a Rydberg molecule. 
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RYDBERG ATOM-MOLECULE CHARGE-EXCHANGE REACTIONS 
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1-INTRODUCTlON 

The exchange of an electron in collisions between two neutral reactants represents one of the 
most elementary chemical reactions. Studies of charge exchange between ground state atoms and 
molecules possessing electron affinities larger than the ionization potential of the atom have been 
reported for a number of systems. In these cases, ion-paii formation and neutral product chaimels 
are in competition and a complete description of these reactions is complex and have not received 
proper theoretical attention. For most collisions, the transfer of an electron resulting in ion-pair 
products requires energy to overcome the Coulomb attraction acting to prevent separation of the 
intermediate complex. Endothermic charge exchange between a fast atom in its ground state and 
an electronegative molecule received considerable attention during the 1970's, but this interest 
has waned in recent years. On the other hand, charge exchange between atoms in highly excited 
Rydberg states with electronegative molecules has been under intense investigation and increasing 
interest for more than three decades. In contrast to ground state reactions, the underlying theory of 
collisions between Rydberg atoms and molecules was developed before any experiments were 
performed. Initial experimental studies in this area were performed using mass spectrometers in 
which fast electron collisions with rare gas atoms produced highly excited atoms over a wide 
range of quantum states followed by collisional ionization with buffer molecules. In recent years, 
the simultaneous development of the tunable dye laser and the nozzle jet expansion have 
permitted studies of these reactions for increasingly higher energy states with very precise 
selection of the principle quantum number and angular momentum. The nozzle jet also allows 
more precise control of the energy available for reaction. The recent discovery of “multipole” 
bound anions (i.e.. electrons bound to a molecule mainly as a result of the dipole, quadrupole, or 
higher multipole moment of the molecule) has catapulted this area of research back into the 
mainstream of collision physics. The use of Rydberg charge exchange allows for the production 
and study of whole new class of molecular negative ions, “multipole-bound anions”. This 
Chapter will attempt to summarize the wide range of studies in this exciting area of Atomic, 
Molecular and Optical Physics. We begin by describing the Rydberg slate. 

The ground and excited states of an atom are termed Rydberg slates if the energy levels can be 
described as a quasi-hydrogenic “one-election” atom, i.e,, provided that the energy levels relative 
to the ground slate follow the Rydberg formula 

E., = 1P,- RVn" (1) 
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Where IP^ represents the ionization potential of the atom, A, R^is the Rydberg constant for the 
atom and n* is the effective principal quantum number (n* e n • , with being the dependent 

quantum defect and n relates to the hydrogen atom). The magnitude of the quantum defect 
depends upon the degree to which the “one electron” interacts with its “core”. For example, the s 
and p states for the sodium atom have quantum defects of 1,35 and 0,85, respectively, and are 
small for J s 2. The dependence of the quantum defect with increasing f can be seen by 
considering the limiting case in which the wave functions of the core and the outer electron do not 
overlap, i,e,, for angular momentum, greater than some value, so that the interaction potential 
is mainly due to the induced dipole (a^/H) and quadrupole contribution (.ayr^> The quantum 
defect then becomes {sec ref 1 -4) 



M,«>f„).3ay4f’ + 35VI6f’ (2) 

From this expression one can see that the quantum defect decreases rapidly with increasing 
angular momentum. Likewise, the classical trajectory of a high n and ? Rydberg electron becomes 
more like that of the orbit of the planets around the sun. 

This analogy with the hydrogen atom allows one to describe the energy levels of high-Rydberg 
atoms in a familiar manner and to examine the “scaling” of different properties with the effective 
principal quantum number. Table I below presents some properties of "hydrogenic” Rydberg 
atoms and their “scaling” with principle quantum number, n. 



Table I. Selected properties of high-Rydberg atoms as a function of the effective principal 
quantum number, n* The ionization potential of the atom 1$ designated as IP^ , denotes the 
radius of the first Bohr orbit (5.29173 x 10 ’em), is the mean radius, is the rms velocity of 
the Rydberg electron. is the period for electronic motion, and E,. is the binding energy of the 
electron In the state n*. Note chat E,, is equal to IP* •E... 



Property 


n ‘dependence 


n**l 


n*»IO 


n*=100 


<r™> 


n*\ 


5.3 X 10 ’em 


5.3 X ICr’cm 


5.3 X ID'^cm 




Vn* 


2 2x lO'em 


2.2 X lO’em 


2.2 X 10-^ cm 


to 




1.5xl0*’*scc 


I.5x lO-’^scc 


1.5x ia‘®scc 




R*/n*^ 


Ra* 13,6eV 


R* X Iff^ cV 


R*x 10^ eV 



Note that the values for n* * I correspond to the hydrogen atom (no quantum defect) and IP =13,6 
eV, 

The collision between a Rydberg atom and a molecule can result in an extraordinary variety of 
possible outcomes. Some of the possible reaction pathways which have received experimental and 
theoretical attention are summarized below: 
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A(n,0 -f BC - 



A(n\l ) + BC 
ABC* +c 
AB* + C +c 
A* + BC + c 
A +B* + C +e 
A +BC* + € 
A* +BC 
A* +B + C 
AB* +C 



(n and $ changing) 

(associative ionization) 
(dissociative associative ionization) 
(collisional ionization) 

(dissociative collisional ionization) 
(Penning ionization) 

(charge transfer) 

(dissociative charge transfer) 
(associative charge transfer) 



Where A(n,f) represents an atom with the outer electron in a state of principal quantum number, n, 
and orbitaJ angularmomentum, This table does not include the more subtle collision effects 
such as rrif and m, changing collisions. Furthermore, only those processes which have been 
reported or studied theoretically are included. The astute reader might also hst other products, 
such as AB* + C* or even a high-Rydberg molecule, ABC(n,f), which could decay by radiation or 
dissociation. The fundamental aspects of these basic processes, as well other properties of 
Rydberg states erf atoms, are found in the Atomic, Molecular and Optical Physics Handbook 
edited by Drake [1). Further details on the physics and chemistry of Rydberg alom/molecule 
colhsions are also contained in the book by Gallagher [2] and the book chapters edited by 
Stebbings and Dunning [3|. 



Many of the reaction channels cited above are often competing processes and depend critically 
upon the translational energy between the reactants. Such collisions generally involve a long- 
lived collision complex which ultimately proceeds to reaction products. The fate of this complex 
depends upon the initial collision energy. Although it has not been well studied, the final reaction 
pathway dso depends upon the internal ro -vibrational energy (temperature) of the target molecule 
BC. 



This brief review will focus only on the last three charge transfer reactions which lead to the 
formation of negative ions. In 1983, the experimental progress in this area was adequately 
reviewed by Duiming and Stebbings [4j, while the theory was reviewed by Matsuzawa [5] . This 
article will discuss the advances in this field since that time. Although this review will summarize 
recent studies of Rydberg atom-molecule charge transfer reactions, we will first draw upon a 
connection to previous experiments on ion-pair production in collisions between ground state 
alkah atoms and electronegative molecules. 

2-CHARGE EXCHANGE BETWEEN GROUND STATE ATOMS AND MOLECULES 

Most of the studies of ion-pair formation have involved the collision between fast atoms and 
quasi-slalionary molecules. However, some molecules possess electron affinities greater than the 
ionization potentials of the colhding atoms and ion-pairs are observed at ihcrmal energies. 
Beginning with the work of Helbing and Rothe [6] in the I970's, a number of groups [7-15] 
reported studies erf colhsional ionization between fast alkah atoms and molecules of the type; 



A + M - A* * M* 
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The ccnier-of-mass (com) energy threshold for such a reaction is equal to the difference in the 
ionizadon potential the atom and the electron affinity of the molecule, i.e. 

Ey,(com) s IP • EA (3) 

Assuming the target to be stationary, the threshold energy in the laboratory system is 

E,K(lab) ■ [(m, + m„V m„]E,,(com) . (4) 

In collisions in which an atom and a molecule approach each other sufficiently slowly such that 
the Bom^Openheimer approximation is valid for all distances of separation, the panicles will 
move along an adiabatic potential energy surface. Adiabatic states of the same symmetry cannot 
cross each other and an avoided crossing exists. However, if the two particles approach with 
sufficient velocity such that the atomic electrons cannot adjust, the system moves along what 
Lichten*^ has called a “diabatic” potential energy curve. The Landau-Zener theory has been used 
to calculate the probabiUly of a ‘jump” or transition from one surfece to another hy assuming that 
the transitions occur in a narrow region around the point, ,of the avoided curve crossing given 
by 



R, = eV(lP-EA) s 14.2 eVMiP-EA) (5) 

The resulting cross section expression involves an exponential integral, F(k/v), which can be 
evaluated numerically 



0(v)s45rR,*F(k/v) (6) 

where k = 2nW„'(R,)/b[ (7) 

and are the matrix element of the Hamiltonian. The function F(kA') has a maximum numerical 
value of 0. 1 13 at v * 2.36k; thus, 

o^,*l.42R/ (8) 

The crossing distance can be estimated by assuming that the Coulomb attraction between the ionic 
states is dominant. Equating the energy difference of the ionic and neutral curves at infinite 
separation results in 



e^/R, = IP(A) • EA(M) . (9) 

Under this assumption we have 

d(CK, 3 VdRU *0 and (10) 

and substitution of (8) into (5) using v^, * 2.36k gives 

H:’ = (v„,./2.36Xhc*/2nR.’). (U) 
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A number of prescriptions have been proposed to evaluate the coupling matrix elements (see 
ref. 14* 16), Olson et al, [16] assumed that electron transfer was mainly due to the exponential tail 
of the wavefunction describing the most loosely bound electron. They used the foim of the 
interaction matrix element calculations for resonance charge exchange and ion-ion recombination 
reactions and arrived at the “reduced” values of the matrix elements and crossing radius. 



( 12 ) 

= - ^(EAJl)] (13) 

The Olsen group also analyzed some 100 different reactions for charge transfer reactions of the 
type A*" + B — A****" + B* + AE. They find the convenient fit to the plot shown in Figure I 
using « Rg* where the data points all fall within a factor of three of this straight Une, 
The data of Baede and Los [9], the later data of Moutinho et al. [7] and the data of Woodward and 
Lineberger [17] for fast Cs on 0 atoms is included. All of this data is discussed further in the 
paper by Nalley et al, [18]. 




Figure 1 : Plot of the reduced one-electron transfer coupling elements Hjj* divided by the reduced 
crossing distance with the reduced crossing distance. 

It should be pointed out that the Landau-Zener (LZ) theory is only appropriate for those 
collisions for which the potential curves do not cross (avoided crossing). Thus the cross section 
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musi be adjusted by a multiplicative factor Qtss than unity) which excludes those curves which do 
not cross. As one example, consider the collision between an alkali-metal atom and a halogen 
atom. The initial state consists of atoms in the and and the covalent “quasi molecule'* would 
be • ^Sor ‘ ^n.The final ionic state results in two atoms or a “quasi molecule.” Only the 
‘S'* curves will experience an avoided crossing and the LZ cross section should be multiplied by 
1/12. These statistical weighting factors have been worked out for alkali-atoms and atoms of the 
first row of the Periodic Table by Vora, et al. [19]. 

A number of groups have accurately measured the threshold for the formation of ion-pairs in 
the reactions of fast atoms, particularly fast alkali atoms, in order to estimate the electron affinity 
of the colliding molecule using Equation 1. Lacmann and Herschbach [2(3 and Helbing and 
Rothe [21] were the first to introduce this method of determining electron affinities (EAs), Our 
group has used this technique to estimate the electron affinities for many complex molecules (sec, 
e.g, Nalley et al. [18]), This method is hampered by three fundamental considerations: ( 1 ) only a 
lower limit to the EA can be obtained, (2) the internal energy of the molecule (temperature) acts to 
lower the observed threshold (see for example Cooper et al. [22]) and (3) random thermal motion 
of the target molecules can significantly lower the com energy thresholds. The dramatic effects on 
the collisional ionization thresholds as a result of the Doppler motion of the target molecules was 
amply demonstrated^^ for the reaction Cs + Oj ’ Cs*+ Oj. Despite these limilalions, electron 
affinities derived from this method appear to be accurate to within +/- 0,2 eV for a large collection 

of data. One notable cxcepticm appears to be the SF^ molecuk where the threshold measurements 
[24-26] give an electron affinity for SFjOf about 0,5 eV whereas the presently accepted value is 
1.0 eV [27]. The main advantage of this method over other techniques is the general applicability 
to any molecule. For example, the election affinity of the CO^ molecule was measured to be -0.6 
+/- 0.2 eV [28]. The extreme mismatch in the Franck-Condon overlap between the neutral and 
the bent and extended anion makes the determination of the EA for CO^ difficult using the more 
accurate photodetachment techniques. The modem advancements in nozzle jet expansions and 
computer data acquisitions should greatly improve this method of determining electron affinities. 
The nozzle jet will minimize effects due to Doppler motion and internal vibrational eneipes c£ 
the target gas. 

The electron affinities of a number of hexafluoride molecules are greater than the ionization 
potentials of some alkali atoms. In these cases, charge exchange can occur between ground state 
reactants. In one case, Mathur and Rothe [29] and Compton et al. [30,31] reported the reactions 
of ground state thermal (- 300® C) cesium and potassium atoms with UF^ leading to Cs*and UF^ 
ions. MoF« also exhibited ion-pair formation with thermal ground state alkali atoms. In most 
other alkah hexaflouride reactions the neutral reaction dominates, i.e. A + MF« - AF + MF, is the 
primary channel. Annis and Datz [32] have studied the neutral products from the thermal 
reactions of K and Cs with UF^ WF^ MoF^ TeF^, and SeF^ and find large reaction cross sections 
(- 140 for the first two molecules to form AF products. The corresponding cross sections for 
MoFi were considerably smaller. In these cases of charge exchange between ground state 
reactants, the zeroth order ionic curve always lies below that of the neutral and they will never 
cross. In order to employ the LZ model to these reactions, it is necessary to evoke the initial 
charge exchange lo vibrationally or electronically excited stares of the anion followed by internal 
relaxation in pcoceedii^ to products. 
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3-CHARGE EXCHANGE BETWEEN RYDBERG ATOMS AND MOLECULES 

Fermi [33] was the first to point out that the reaction between an atom in a high Rydberg stale 
and an atom or a molecule can be approximated by that of the interaction a slow, quasi-free 
electron with the scatterer, together with the polarization induced upon the scatterers by the 
Rydberg ion core. Amaldi and Segre [34] had previously reported shifts of the high Rydberg 
energy levels (n s 20-30) of alkali atoms at densities such that about ten thousand rare gas atoms 
were contained within the Rydberg orbit. The absorption hnes were shifted to higher or lower 
energies (depending upon the rare gas) and showed litde broadening. This implied that 
colhsional ionization was small and the election was essentially elastically scattered o^ many 
atoms during one classical orbit. Fermi correlated the magnitude and direction of the shift to the 
known scattering lengths for slow free electrons in the rare gases. This observation, along with 
the inclusion of the effects of polarization of the Rydberg core on the nearby atoms led Fenni to 
propose that the Rydberg-neutral reaction can be thought of as elastic scattering of a quasi-free 
electron with an atom which has been polarized to some extent by the ion core. The success and 
simplicity of this model prompted others [35-37] to apply the Fermi “fiee-elecnon model” to 
other Rydberg atom reactions beginning in the 1970's, a practice which continues today. For more 
details on collisions between Rydberg atoms and molecules, the reader is referred to the review 
articles by Matsuzawa [5] and Fabrikant [38]. 

Since Fenni’ s original contribution, there has been a considerable body of theoretical [36] and 
experimental [39-41] evidence to suggest that the rale constant for the transfer a loosely bound 
Rydberg electron to an electron attaching molecule should be equal to the electron attachment rate 
for free electrons at the equivalent energy. Perhaps the best experimental evidence for this 
equivalence comes from the unpublished Rydberg charge exchange data of W. A. Chupka and the 
electron attachmeni daia of Davis ei al. [42] for the series of molecules SF^, ScF^, and TcF^ (Fig. 
2). The electron attachment rate and the Rydberg charge exchange rate for this scries both show a 
linear decrease over five orders of magnitude (see also ref. 43). Interestingly, the electron affinity 
for this series decreases dramatically over this same series. In Figure 2 we show this data along 
with data for a number of other molecules. The straight line fit in the figure equates the Rydberg 
rate to the attachment rate which we will call the Fermi-Matsuzawa Model. Not only does this 
model accurately account for the rates exchange and attachment, the ion observed in the two 
cases are identical (e.g., SF^ /SF^; SeFj /SeF^:TeFj /TeF^iCl /CCU.etc.). 
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Figure 2. Correlation of the free-electron attachment rate with the Ryberg charge transfer rale for 
a series of molecules. The slraighl-line is the Fermi-Malsuzawa “theory'’ (see text). 



The Fermi-Matsuzawa model also appears to account for the energy dependence of electron 
transfer/attachment. The thermal-electron attachment rate for the perfluoromethylcyclohexane 
(C,F, 4 > molecule is known to increase with electron energy [44]. Likewise, Hildebrant et al. [45] 
have reported a similar increase in the Rydberg ionization rate with decreasing n (increasing mean 
electron energy). Free electron production (collisional ionization) also occurs in this collision and 
the C 7 F, 4 * anion was found to be long-lived unlike the case for free electron attachment. These 
results might offer hope that low-energy electron attachment processes could be examined using 
Rydberg electron collisions. However, the promise of studying the energy dependent electron 
attachment cross sections at ultra-low energies has not been realized. This is due to a number of 
reasons. The core cannot be completely neglected and n and (mixing can occur during the 
colhsion as well as core st^ilization effects. Also, unless both n and (are about the same, the 
electron energy distribution is broad. When the electron stays away from the core (high 
velocity distribution is narrow, however, there are presently no facile methods of producing such 
Rydberg states. 

Hotop and Niehaus [46] were the first to study ion-pair formation in Rydberg collisions with 
molecules. They reported a cross section of- 10"'* cm^ for the reaction A** + SF« - A* + SF^*, 
Under these conditions, we know that the lifetime of the negative ion is essentially long-Uved 
whereas the SF^ formed under slow electron attachment has an autodetachment lifetime of - 25 
microseconds [47], Thus, interactions with the ion core lead to vibrational relaxation of the anion 
resulting in stable anion formation. Measurements of the internal temperature of the anion 
following the charge exchange colhsion have not been performed. The core certainly plays a role 




427 



in these collisions. The strong Coulombic atlraclion between the nascent positive and negative 
ions (especially at lower n) acts to prevent the ions from separating, resulting in a rapid decrease 
in the rate constants for ion production as n decreases [48-51]. In these experiments, the ion-pair 
production rate for collision energies of 0.15 eV was noticeably larger than for 0.05 eV illustrating 
the higher degree of “dissociation” for the greater kinetic energy. The anion interaction with the 
positive ion cort can also act to stabilize (vibraiionally relax) short-lived anions formed by 
Rydberg charge transfer to small molecules (e.g., Oj.CSj, NOJ.CH 3 NO 2 , etc.). There are many 
instances for which the lifetime of the anion formed under unimolecular electron attachment is 
too short to be observed in a conventional mass spectrometer {< microsecond), however, the anion 
formed under Rydbeig charge transfer conditions is very long-lived. In order to further 
understand the ehects of stabilization let us first discuss the physics of electron attachment to 
molecules. 

A complete understanding of non-dissociative electron attachment in molecules is not well 
developed. In essence, electron attachment results from a breakdown in the Bom Oppenheimer 
approximation and is a dynamic process described by diabatic states. Free electrons are known to 
attach to molecules via shape or nuclear and electronically excited Feshbach resonances { see 
review articles by Schultz [52]), The lifetime of the negative ion intermediate state is a 
complicated function of the couphng of electronic and nuclear motion. For the case of a pure 
shape resonance (i.e., no couphng to nuclear motion) the hfetime is very short (- 10 sec). The 
lifetime,!, of a nuclear excited Feshbach resonance is related to the electron capture cross section, 
0 , through the principle of microscopic reversibiUty [47], 

T = (1/vO) (p /p“) (14) 

Where p* represents the density of states for the negative ion and p® is the density of states of the 
free electron plus molecule. Many complex molecules are known to form long-lived ( I to 1000 \i 
sec) negative ion states through the sharing of the incident election energy and electron affinity 
energy among the many degrees of freedom of the molecule [54]. There are also a few known 
examples, notably para-benzoquinone [55], in which electrons are attached into a long-lived 
negative ion state via an electronically excited Feshbach resonance which is rendered long-lived 
as a result of coupling with the nuclear degrees of freedom. In all cases, the anions are metastabie 
(unless radiation occurs) and the lifetime of the state decreases with increasing total energy in the 
anion. The quasiequilibrium theory embodied in equation 12 has been shown to adequately 
describe the lifetime, cross section and electron affinities for a number of molecules, most notably 
for the SFti molecule [47]. In recent years this vibrational autodetachment process has become 
known as “thermionic emission” { see the review by Klots and Compton [56]) in analogy to the 
emission of electrons from a heated surface. 

Three body collisions can effectively stabilize temporary negative ions formed by unimolecular 
electron attachment by the removal of vibrational energy. A vivid example of stabiUzation of a 
temporary negative ion foimed by high-Rydberg charge transfer comes from studies of HT 
formation in reactions of alkali Rydberg atoms with hydrogoi iodide. At high principal quantum 
numbers “dissociative attachment” reactions leading to T dominates the reaction cross-section in 
qualitative agreement with the free electron attachment data of Alajajian and Chutjian [57] and the 
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Fermi- Matsuzawa model (sec also Klar ct al, [58]), For n < 13, non-dissociative reactions leading 
to HT are prominent. Calculations of the potential energy surface for this anion [59,60] show a 
broad, flat and shallow minimum at large intemuclear separation (*- 5 a.u,). It is obvious that the 
presence of the ion core near the “dissociating" HI* anion acts to stabilize the anion into the very 
shallow potential well. The fact that ions are observed demonstrates that at least one vibrational 
level is supported by this potential, i.e,, HT is stable. 



4-CHARGE EXCHANGE BETWEEN RYDBERG ATOMS AND POLAR OR 
QUADRUPOLAR MOLECULES 

It is often convenient to represent the interaction of an electron with an atom or molecule in 
terms of its static and dynamic electrostatic energies. If we consider only the dipole and 
quadrupole terms, the potential of interaction between an electron and a molecule is conveniently 
expressed as 



V(r)» -ep/r^ Pi(r -R) -eQ/r^ P lir R) - ae ^/2r* + L(L+l) hV8nW (15) 



Where \i is the dipole moment and Q is the electric quadrupole moment of the molecule. P|(r R) 
and Pj(r *R) are the Legendre polynomials and the last two terms represent the polarizabiUty 
attraction and centrifugal repulsion terms for an electron with angular momentum L with respect 
to the center of the charge distribution, a represents the polarizabiUty of the atom or molecule. 

The scattering of electrons by atomic or molecular targets is often described with reference to 
the dipole or quadrupole moment and polarizability of the target. The centrifugal terms can also 
give rise to scattering resonances also known as “shape" resonances. Solutions of the Schrodinger 
equation for these potentials give the energy position of these resonances and calculations of the 
transmission through the centrifugal potential barrier provide an estimate of the width (lifetime) c£ 
the resonance. 

In recent years there is growing interest in the bound states of the electron-atom or electron- 
molecule system as a result of their multipole moments. Since only atoms in degenerate states can 
have a dipole moment (e.g, H) the quadrupole is generally the first non-zero electric moment for 
atoms. For molecules, the study of the binding of elections to molecules possessing a dipole 
moment has a rich history, Fermi and Teller [61] were the first to predict that a fixed (non- 
rotating) dipole should bind an electron or position provided that the dipole moment exceeds 
1.625 Debye, The long range dipole potential allowed Crawford and Garrett [62] to neglect other 
effects of the molecular electrons to show that molecules whose dipole moments are above - 2 
Debye should permanently bind an extra electron (for an interesting historical account of this 
development sec Turner [63]). The first observation of a dipole bound anion was for the 
acetonitrile (CH^CN ) anion [64,65] which was produced from charge transfer from an excited 
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Rydberg rare gas atom. Dipole-bound anions were unknown at this lime. It was observed also that 
CHjCN did not attach slow free electrons. From these observations, it was suggested that CH,CN* 
existed in a very diffuse state, much like that of a Rydberg stale and that Rydberg charge 
exchange in this case was different from frce-eleciron attachment in that the Rydberg electron 
gently changes centers-of-force from the ion to ihe dipole during the “colhsion”. In this paper it 
was suggested that both CH 3 NO 2 formed dipole bound anions as a result of their large 

dipole moments ( 3.89 and 4.2 Debye, respectively). Recently, Desfrancois and Schermann et. al. 
[^] have provided direct evidence for dipole bound anions in a series of elegant experiments 
showing a narrow n (principal quantum number) dependence in the Rydberg charge transfer rate 
with molecules having dipole moments above the “critical dipole moment” of - 2,5 D. What is 
more important, they used electric field detachment of these anions to show that these anions 
were weakly bound and to measure electron affinities for many of the polar molecules. The 
measured affinities fit well with the dipole model. Figure 3 shows the “resonance” charge transfer 
nature of the Rydberg-dipole charge transfer reported by plotting the dipole ion signal versus the 
effective principal quantum number of the Rydberg atom. 




Figure 3. Relative Rydberg atom charge transfer rate as a function erf the effective principal 
quantum number for a series of polar molecules ( dipole moment given in Debye). Adapted from 
Desfrancois et al. [ 66 ]. 
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Figure 4. Electron binding energy (electron affinity) for a collection of polar molecules and 
clusters. This was an adaption (^ded values) cf the results presented by Desfrancois et al. [66]. 



Figure 4 also summarizes the measured binding energies for dipole states versus the molecular 
dipole moment which adds to the data reported in the seminal papers by Desffancois and 
Schermann [66]. The Schermann group [67] has provided a comprehensive review of ground- 
stale dipole-bound anions studied by Rydberg charge transfer. The reader is refered to these 
pioneering papers for a complete description of di^le-stales. 

A number of ffee-radicals are known to exhibit both dipole-bound and more tightly bound 
conventional (valence) anions. The groups of Brauman [68] and Linebcrger [69] have reported 
very narrow resonance features in the pholodetachment spectrum corresponding to rotationally 
excited shape and Fcshbach resonances for many dipole-bound radical anions. More recently, the 
nitromethane anion mentioned above has been shown to exhibit both a dipole- and vaJcnce-bound 
state [70]. Other references to dipole-states is to be found in this paper as well. 

The possibility of electron binding to atoms or molecules possessing large quadmpole 
moments is under active investigation. Prasad, Wallis and Herman [71] were the fust to consider 
the effects of the quadmpole moment on the binding of an electron to an atom or molecule. These 
authors also performed calculations which demonstrated a dependence of the sign (i.e. charge 
distribution) on the binding of an electron to a fixed linear electric quadmpole moment [72]. As a 
result of the shorter range for the quadrupole potential, it is not possible to make a general 
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siaicmcnt as to the “critical quadrupole moment” necessary to bind an extra electron as has been 
done in the case of the long range dipole field. In fact, since the quadrupole field falls off as \/r^ 
the singularity at r = 0 assures binding (negative energy ) for a point quadrupole for any 
magnitude of Q. Since the quadrupolar effects are operative at distances close to the atom or 
molecule, the details of the atomic or molecular structure contribution must be included. In 
addition, the quadrupole moment is expected to play a role in the binding cf electrons to 
molecules which posses a permanent dipole moment. In some molecules for which the dipole 
moment is almost large enough to produce a “dipole-bound” state, the quadrapole moment (along 
with polarizability) may tip the balance and provide the additional energy necessary for binding. 

The only experimental evidence available for binding to a molecular quadrupole comes from 
the series of molecules COS, and CSj. Harlh. Ruf and Hotop [73] were the first to report a 
very inleresting n dependence for the CSfproduction cross section for collisions with Ne(ns) and 
Ne(nd) high Rydberg atoms. The cross section exhibited a steep rise at low n. a characteristic 
maximum for n’around 18 and a steep decrease toward higher n. A number of years ago, 
Dunning et al. [74] and Carman et al. [75] reported an n’ dependence in the Rydberg charge 
transfer cross section for the CS j molecule which is reminiscent of the features exhibited by 
dipole bound states Also, Dunning et al. further showed that the CSj anion was easily field 
ionized by a weak electric field , again characteristic of a weakly bound dipole stale. Compton. 
Dunning and Nordlandcr [76] performed calculations which suggested that electron binding to the 
quadrupole field of CSj(Q • +3.3 au) might account for these results. The absence of weakly 
bound states and no pronounced peak in the n' charge exchange dependence with COS added 
further credence to this proposal ( Q (COS) » -0.2 au) However, given the results c£ Prasad et al, 
[71,72] on binding of an electron to a negative quadmpole moment, COj should have also formed 
a quadrupole bound anion (Q s -3, 1 au). Anions were not reported for COj in references (74) or 
(75). However, it should be pointed out that these anions were not specif ic^y under investigation 
and could have eluded detection as a result of the extreme fragility or narrow n dependence. Also 
on the negative side, Gutsev, Bartlett and Compton [77] have recently reported calculations for the 
binding energies for COj*. COS and CSj*. These calculations were not definite as to the foimalion 
of quadrupole bound stares. In summary, although there is some experimental and theoretical 
evidence forquadrupole-bound states, their existence is not as certain as is the case for dipole- 
bound states [67]. 

5-CHARGE EXCHANGE BETWEEN RYDBERG ATOMS AND CLUSTERS 

Mitsukc, Kondow and Kuchitsu [78,79,80] have presented a number of experimental studies of 
the formation erf negative ions in collisions between Rydberg atoms and clusters. These studies 
address the effects of stabihzation by evaporation of the cluster anions and dependence of cross 
section on cluster size. In one study these authors made the interesting observation that the 
critical size beyond which the vertical electron affinity of the (CHjCN)„ cluster becomes positive 
coiresponds to m = 13. Knodow [81 ] has further reviewed the results of these and other studies. 

Carman [82] has also repotted Rydberg charge transfer to clusters of nitric oxide (NO,„), The 
negative ions were found to have a distribution in which the odd m clusters were much greater 
than the even m clusters, (NO)„*, for tn » 2-60. Only odd clusters are observed for m > 20. 
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Cannan atliibuted this observation to a greater stability for the odd neuliaJ clusters due to spin 
pairing of valence electrons which accounts for extensive dimerization of NO in the condensed 
phase. It was further postulated that for m > 3 the excess electron becomes localized to form an 
(NO)j'ion which is solvated by other NO dimers. 

The study of Rydberg charge-transfer to small cart*on clusters offers some interesting insights 
into the Fermi-Matsuzawa model. Recently, Carman and Compton [83] studied the reactions of 
Rubidium atoms both in the ground state and in the n s 30 and ( s 2 (30d state) with carbon 
clusters, C„, produced by laser ablation of graphite in a pulsed nozzle jet of helium. The 
intensities of the negative ions directly produced by the laser ablation technique mirror the known 
electron affinities of the carbon clusters, including a strong odd-even alternation (odd > even) for 
m = 13,17»21,25 and 29 (see also Yang et al. [84]). Also, charge transfer is observed between 
ground siaie Rb atoms and carbon clusters with electron affinities close to (m * 2,4,7 and 9) and 
greater than (m s 6 and 8) the ionization potential of Rubidium (see above discussion of ground 
state reactions). In stark contrast to these observations, the reactions of high Rydberg atoms with 
C„ clusters showed enhanced signal for Cj, Crt,C| 2 ,Cj 6 ,and C|j. This study strongly suggests 
that the free electron attachment rate for these clusters is much larger than diat for other carbon 
clusters with larger electron affinities. The carbon clusters offer a fertile testing ground for the 
theoretical description of free electron allachmenl. This is further illustrated for the fullerene 
molecules to be discussed below. 

Free electron attachment to the carbon cage fullerene molecule has been studied in cross 
beam experiments ( 85-88] and with flowing afterglow/ Langmuir probe FALP [ 89] techniques. 
These studies reveal a most unusual attachment cross section behavior; a large attachment cross 
section is observed up to ~ 15 eV. In addition, sane of the experiments indicate a fall off in the 
cross section al energies below - 0,2 eV, The fall off al low energies is consistent with the 
theoretical conjectures of Tosatli and Manini el al. [90], who argue that s-wave attachment to c« 
is symmetry-forbidden (see also 88). However, Huang et al.(88] also studied the reactions of high 
Rydberg np states with for n* « 10 to ~ 43 and found a reasonably large charge exchange rate 
for the formation of C®'. A number of possible reasons were offered to reconcile the apparent 
contradiction between the Rydberg data and the free election attachment data which is supported 
by theory [90]. More recent studies by Weber, Ruf and Holop [91] and Finch, Popple and 
Nordlander [92] continue the reaction rate measurements to effective principal quantum numbers, 
n*. well over 100. Figure 5 shows a comparison of the existing data for C«o« 
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EFFECTIVE PRINCIPAL QUANTUM NUMBER n 



Figure 5. Comparison of the Rydberg charge transfer data for C^wiih normalization to I at n*= 
38. Open circles [88], open diamonds [92] and solid squares [91]. Taken from [91]. 

Thus, the observation of Rydberg charge transfer withC^, especially the relatively constant rate 
for n from - 40 to 270 [91], appears to contradict the free electron attachment data and the 
theoretical predictions of no s-wave capture. A number of possible explanations for this 
discrepancy have been proposed: symmetry breaking due to the electric field of the ion core [88], 
rotations resulting in polar “flattening” of the molecule [92], a polarization-bound L * 0 state [92], 
and the presence of a narrow, virtual s-wave resonance which escapes detection in the beam 
experiments but is detected in the Rydberg experiments [91]. Although more studies are needed 
to complete this interesting story, it is important to point out that Rydberg charge transfer to the 
prolate molecule exhibits a n-dependence similar to that of the molecule [91]. 
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1. Introduction 

The spectroscopy of molecular Rydberg stales provides a powerful link between the 
electronic structure of molecular excil^ slates and the dynamics of a variety of 
important electron-cation scattering interactions including for example coUisional and 
associative ionization, photoionizalion, dielectronic and cfissociative recombination, and 
various forms of autoionization. A key element in this link is the interpretative 
framework provided by Multichannel Quantum Defect Theory (MQDT) [1,2]. This 
treatment ties electron-cation scattering amplitudes to potential energy surface features of 
the cation-electron collision complex. Its strength lies in the systematic explanation of 
many thousands of spectral features and underlying state-lo-state interactions in terms of 
small number of accurately determined details of the electronic structure of a system 
Following its initial extension from atoms [3], MQDT has grown to become an 
established tool for understanding the excited-state structure and dynamics of a laige 
number of diatomic molecules. 

In principle, the same methodology applies to polyatomic systems. Added 
iniemuclear dimensions, however, enlarge the coordinate space in which to determine the 
electronic structure, and separable normal modes give rise lo multiple pathways for 
vibronic coupling leading to electnxi loss and/or neutral fragmentation. Some progress 
has been made [4-7], but the much higher density of states in polyatomic s causes 
practical problems for both experiment ^ theory. Furthermore, in many important 
cases, the molecular structure of polyatomic cations and neutral higher excited states 
differs substantially from that of conesponding neutral ground stales, and as a result, 
Franck-Condon factors for electronic transitions to lower-lying vibrational levels of 
either the cation or Rydberg states can be effectively zero. These properties of 
polyatomic Rydberg slates produce spectral congestion in which there can be imbedded 
many channels of interaction that make il difficult to isolate and assign features near 
pholoionization thresholds. 
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We showed some time in work on NO 2 [8] that the experimental problems 
ofrovibrational congestion and unfavorable Franck-Condon factors can be overcome by 
using stepwise discreteKliscrete transitions through low-lying gateway Rydbeig states. 
Double-resonance strategies that use such selected single rovibrational Rydberg levels as 
intermediate states take advantage of rotational selection rules and the highly vertical 
Franck-Condon factors that characterize Rydberg-Rydbeig transitions to isolate relatively 
simple series converging to well-defined vibration^ limits of NO 2 '''. More recently, we 
have found similar excitation pathways that resolve core-quantum-slate-specified 
Rydberg-Rydberg transitions in the important combustion free rilicaf HCO [9]. By 
extrapolating series, we have determined precise rovibrational thresholds for producii^ 
ground and excited states of HCO***. As with NO 2 . band shapes for vibrational 
autoionization resonances reflect coupling widths. The comparative relaxation behavior 
of electronic states built on various excited normal modes of core vibration distinguishes 
driving forces associated with different features of the potential energy of the close- 
coupl^ cation-electron system. The present p^^ reviews our recent progress on the 
formyl radical system, focussing on ttie cation-electron relaxation of Rydb^g states in 
bending and CO-stretching core-excited vibrational states (010), (020) and (001). We 
interpret trends observed experimentally in terms of the connection between electronic 
structure and cation-election scattering dynamics predicted for poly atomics by extension 
of Multichannel Quantum Defect Th^ry. 



2. Multichannel Quantum Defect Theory and the relaxation dynamics 
of Rydberg states in polyatomic molecules 

Multichannel Quantum Defect Theoiy povides a very useful formalism by which to 
describe the coupling between Rydberg electronic and cere iniemuclear degrees of 
freedom.! 1-3, 10-12] The theory accounts for state mixing, including coupling between 
discrete ccre-excited stat^ and the core-relaxed continuum, in terms of channel 
wavefunctions which enconpass the quantum numbers of the core and vary 
continuously with the binding energy of the Rydberg electron. It constructs these basis 
wavefunctions by considering the superposition at each total energy E formed by mixing 
a regular Coulomb state, ivi*. Ni*‘> with accessible irregular 

state, Nj*>. 

where i and ; are composite quantum numbers representing the angular momentum of 
the Rydberg electron and the electronic state of the core, and the coefficients, 

. form the elements of the vibronic reaction matrix. For electron 
binding energies, t, at which autoiotizalion can occur, the amplitude of channel 
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wavefunctions vary sensitively as a function of E. The interactions that 

determine the magnitude of the K-matrix elements, however, occur at short range where 
the Rydberg election velocity is very high, and thus are insensitive to small differences 
in asymptotic energy. This dichotomy gives rise to a very powerful separation that 
directiy connects rovibronic state-detailed interactions with the features of bound (close- 
coupled) electronic state potential energy surfaces. 

Thus, in physical terms, one thinks at large values of r about an election-cation 
system in which a hydrogen-like Rydberg electronic wavefunction evolves in the 
Coulomb potential of an orientationally averaged, state-specified cation<ore, with 
bindii^-energy-sensitive amplitudes determined by long-range boundary conditions. 
Within some critical radius of electron-cation distance, the Rydberg electron joins in 
many-body interactions with the core electrons and nuclei. Accelerated by Coulomb 
attraction, the fast-moving, close-coupled electron undergoes scattering interactions that 
dqjend little on the asymptotic binding energy. Since the electron here moves much 
faster than core vibrations, these intaacdons strobe the intemuclear coordinates and vary 
with the matrix of instantaneous molecular bond distances, R. 

In the single-channel case, the result for fixed R is a very simple wavefunction 
in which the consequence of mixing in the coce can be regarded simply as a phase shift 
characterized by a quantum defect, ^(R), 

^<E) s Ifgr.e) cosmd^) ■ gKr-S) l^l(to)> -0 (2) 

where represents the angular part of the Rydberg wavefunction together with the 
wavefunction of the core. Writing the binding energy in terms of an effective principal 
quantum number, v(R) » the channel wavefunction has a simple 

asymptotic form, which must satisfy lor^-range boundary conditions such that 
trigonometric pan falls to zero. 

« (3) 

fsinft(v(Rhl}co$n^i(^) + i C(r) l^i(<a)> s o 



or 



/rofljrvfS) + / * 0 (4) 

Generalization to the multidimensional, multichannel problem yields channel 
basis functions analogous to Equation (2), 



( 5 ) 
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in which the elements of an R-dependent reaction matrix, K, define contributions to the 
phase shift: 



K and quantum-defect matrices block factor according to the resolution of the 
molecule-fixed projection of I and /'inlhe local point group of the molecule. This has 
important consequences in polyatomic molecules where different elementary basis 
functions may occupy different blocks in high symmetry configurations, but couple to 
yield non-zero contributions to the channel phase shift in distorted geometries [13]. 
Figure 1 shows an example of the body-frame quantum defect matrix for channels 
composed of ^ = 0, 1 and 2 basis functions in a non-centrosymmetric triatomic 
molecule. 
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Figure 1. Matrix of coordinate-dependent eigenchannel quantum defects for HCO in linear 
and bent geometries. blode describe terms active in the vibrational autoionization of 
states of totally symmetric core-vibrational character such as (001) and (0200). 
Autoionization of states excited in asymmetric vibrational terms such as (010) and (02^) 
requires off-diagonal terms which become non-zero in bent, Cg geometries. 



In addition to coupling bound and free basis functions to determine electron- 
ejection dynamics, the quantum defect matrix determines the shapes of channel potential 
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energy surfaces. Boundary conditions, in particular the requirement that radial 
wavefunctions all fall to zero at infinite core-Ry<tt>ei^-electron separations, allow, for 
any particular value of R, only those electron binding enapes (effective principal 
quantum numbers) that satisfy the determinantal equation: 

l«mnvi(K) -0. ^ 

Diagonal elements of the quantum defect matrix thus define diabatic potentials 
referenced to the potential of the cation by the Rydberg equation for the electron binding 
energy: 





2(rt-MR)r 



( 8 ) 



Conversely, computation of a diabatic Rydberg potential defines the R-dependent 
diagonal quantum defect matrix element for that channel, assuming that quantum defects 
at fixed R are constant with energy. 



With multiple channels, symmetry allows electronic states of different I to 
couple, even in diatomics and totally symmetric geometries of poly atomics. This is 
manifested by non-zero off-diagonal elements of the quantum defect matrix. As evident 
in the determinantal equation above, such terms d^cribe avoided crossings of Rydberg 
potentials in channels with different values of L By the same token, a computation of 
the non-adiabatic propeities of Rydberg electronic surfaces returns correspondii^ off- 
diagonal elements of the quantum defect matrix. 

An important feature of the electron binding energies and related potential 
energy surfaces of polyatomics is their multidimensional character, b symmetric 
geometries, curves that cross exactly with symmetric displacement can develop 
interactions that cause them to repel when distortion along asymmetric coordinates 
lowers the symmetry. Such features, in which surfaces repel for all geometries but 
totally symmetric ones, constitute conical intersections, which have long-recognized 
importance in radiationless dynamics in general, and as we see here, control the mixing 
of symmetric and asymmetric vibrational modes in polyatomic Rydberg slates. 



These propeities of the electronic eneigy deteimine the state-to-state vibronic 
dynamics by means of a rovibradonal frame transformation, which in the notation of 
^nation (1) has the form: 






Nt [jll«RA)uin *wr(RX^R^ I 






(9) 
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where we understand the indexes i and ; to include /, and vi^ represents the vibrational 
quantum slate of a polyatomic core. This transformation integrates the accumulative 
phase shift over its R dependence to coq>le inidal and final core vibrational-rotational 
wavefunctions. Application of Equation (9) in Equation (1) yidds rovibronic basis 
functions that can li viewed as coherent sums erf mixed states, with 

at each value of R. Diagonal elements of the vibronic K matrix drive /- 
conserving interactions. Off-diagonal elements conserve vibronic symmetry along decay 
paths that relax asymmetric vitations. Variation of ^ necessary to 

produce vibrational coupling manifested by a non-zero Kjj. The strength of this 
variation regulates the strength of the coupling. 

Though well established for diatomic systems, MQDT has only recently 
expanded to encompass polyatomic molecules. Jungen and Child [5], and Bordas, Helrn 
and coworders [4] first extended diatomic rotatiomd frame transformation methods to 
analyze structure arisii^ from electronic-rotational couplii^ in H20and Hg. Staib and 
Domcke [7] recr^nized that the coordinate dependence of the body-frame coupling of a 
npx.y E’ Rydberg electron with the non-degenerate H 3 + coct defees a reaction matrix 
that conforms with the cyfedrically symmetric conical intersection of the linear Jahn- 
TellerE®e problem. Stephens and Greene [6\ exploited this connection to parameterize 
a full rovibronic frame transformation that accounts for vibrational autoionizadon 
features in npx^y series converging to the viV 2 ^ » 01 ^ state of Hj***. Jungen and Pratt 
[13] derived limiting forms for widths of Av s 1 and 2 interactions that depend to lowest 
ordCT respectively on the linear and quadratic d^)endence of the quantum defect on 
symmetric and asymmetric normal coordinates in linear iriatomics. These pioneering 
studies establish a connection between rovibronic state-resolved Rydberg spectroscopy of 
polyatomic molecules and non-adiabatic cation-electron scatterii^ via transient s^ace 
intersections of the close-coupled collision complex. In the sections below, we consider 
this connection for HCO as we examine trends in vibrational autoionization widths and 
intensities of state-resolved high-Rydberg features in this system. 



3. Experimental Method 

3.1 EXCITATION AND DETECTION 

To prepare formyl radicals, we photolyze acetaldehyde seeded at approximately one 
percent in He in a pulsed free-jet expansion. We use the 308 nm output of a XeCl 
excimer laser, which is focuss^ on the jet at the exit of the nozzle. After passing 
through a differential wall, the ecpansion-cooled photolysis products enter the ion- 
collection region of an Extranuclear quadmpole mass specux>meter. Here, HCO radicals 
are ionized by succesave pulses from a BBOdoubled Lambda Pfaysik excimer-pumped 
dye laser (©i) and counteipropagating Continuum Nd: Y AG-pumped dye laser (( 02 ). We 
time pobe la^ pulses to coincide and occur optimally with respect to molecular beam 
and [iiotolysis lier pulses by home built gate and delay electronics. Ions collected and 




443 



mass filtered by the quadnipole are detected by a Galileo channeltron. The analog signal 
is current amplified (Keithly 427) and averaged on a LeQoy 9420 digital oscilloscope. 
The signal intensity as a ftmction of (02 (cf <Di forUV 1+1 ionization scans) is 
acquired by a laboratory Macintosh conputer running LabVEW instrument-control and 
dato-acquisidon software. Dye-las^ wavelengths are calibrated and vacuum corrected 
using a Burleigh model W4500 pulsed wavemeter, which is standardized for blue 
wavelengths usmg the output of a line-selectable argon-ion lasCT. 




Figure 2. Eneigy-level diagram illustrating the double-resonant population of 
vibrationally autoionizing states converging to thresholds for forming (010) and (001) 
vibrational levels of HCO*. 



32 VIBRATIONAL SELECTION 

Figure 2 shows an eneigy level diagram for the production of HCX) vibrationally 
autoionizing states by double resonant excitation through the 3pn Rydberg state. 
Ihe first photon (oi), tuned to a wavelei^ in the range from 210 to 206 nm, selects a 
single rotational level in a chosen vibronic band of the 3pw state. Because Franck- 
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Condon factors for Rydberg-Rydberg transitions are highly vertical, second-photon 
excitation scanned in the visible populates autoionizing Rydberg series converging 
to the cation vibrational state selected in the core by first-photon excitation. The 
resolution ofcoi is 0.08 cm’^ That of <j>i is slightly better, ca. 0.03 The 
spectroscopic range over which we detect autoionization structure varies with the energy 
of the vibrationally excited state that we have prepared in the core. Work discussed here 
focuses on (010), (020) and (001) for which long wavelength limits, that in each case 
mark the reMve position of the adiabatic ionization threshold, range from 513 to 556 
nm. Vertical limits in all three cases fall in the region of 493 am, reflecting the fact 
that vibrational intervals in the 3 p^c state approximately match with those in die cation. 



4. Gateway Rydberg states 

Even for simple trialomic molecules, the total density of states in high-Rydberg 
manifolds is very large. Nevertheless, when we optic^y select individui rotational 
transitions to gateway intermediate states and take advantage of highly vertical Franck- 
Condon factors for Rydberg-Rydberg transitions [8], we can easily resolve senes 
converging to ionization thresholds associated with single cation rovibrational states. 

Figure 3 shows resonant ionization spectra of 3pn ^Tl vibronic states from 
which we gain access to Rydberg series converging to (010), (020), (030) and (001) 
vibrational levels of HCO*^. Subbands pictured are labeled (K’K") accordii^ to angular 
momentum projection quantum numbers K" for the bent ground state and K' for the 
linear n excited state. Renner-Teller interactions in the excited state couple Rydberg 
electron oibital angular momentum with bending vibrational angular momentum to 
define K' and produce the splittings evident in these spectra [14]. 

In the (1+1) spectnim of the (010) band, strong transitions that originate with 
K" = 0, and 1 substates of the bent ^A’ (000) ground state reach K' a 0 (I'** and I") and 
K' » 2 (A) components, where K" refers to the projection of the total an^ar 
momentum on the principal axis of the bent ground state and K' denotes the vibronic 
angular momentum of the Renner-active linear excited state. Renner-Teller coupling 
splits the K' a 0 components by about 100 cm*^. At the level of the bending overtone, 
transitions originating with x (000) K" » 0, 1 ^ populate K’ © 1 and 3 levels of 

the 3pu (020) complex. The high- sensitivity scan of the red-most region of the (030) 
complex pesented in Figure 3, shows many subbands originating from excited K" 
levels of the ground state. Contained among these, and distinguished from this (030) 
structure by a Renner-Teller fit to the pn^ssion of bending complexes, is the sii^e 
band arising from the (000)-(001) transition. 

The HCO* cation core has a closed-shell structure. For this reason, the 
electronic term of any associated Rydberg state is determined by the C«v symmetry of 
the extravalent electron. Renner activity in the 3p« state thus arises from the 
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Figure 3. (1+J) ionizalion-dctccted absorption spectrum of vibronic hands (K!,K'') in 
the 3p7i Rydbttg state of HOC. (a) S*''-A-£' Renner-Teder components of (010). 
(b) ri-O-n Renner-Teller compcxients of (020). (c) Partial spectrum of the (030) 
complex showing the interloping (001) band. The band feature between (00l)-(000) 
(1,1) and (030)-(000) (2,2) can be assigned to the vibrational hot band, (040)-(010) (1,0) 
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coupling of bending angular momentum in the core with the orbital angular momentum 
of die 3pic electron. For the paiticular case of (020), the 3 pic electron orbits a totally 
symmetric HCO^ cation core excited by two quanta of bend. In the bare cation, (020) 
levels factor into well-defined bendii^ ai^ular momentum components, /y » 0 (a) and 2 
(6). The Renner-Teller effect couples these with Rydberg electronic angular momentum 
to yield two resultant vibronic states of n symmetry and one of ❖ symmetry. The two 
n states form a nonunique pair which are split by the Renner-Teller interaction. This 
splitting gives rise to vibronic wavefunctions that are con^x)sed of orthogonal linear 
combinations of /y ® 0 and 2. Fixing <oi on a selected rovibrational line of either n 
component and scanning 0)2 thus promotes a system of Franck-Condon allowed 
transitions to discrete Rydberg states Aat converge both to (02^) and (02^) stales of 
HCO^. The energy difference between these pure vibrational angular momentum 
components has not been measured for HCO^.bulby analogy with the (02^) • (02^) 
splitting in HCN [15], one can assume an HCO'*’ energy difference of around 15 cm*^. 
By comparison, the Renner-Teller splitting of the two 3pit (020) n components is more 
than 160 cm’*. 



5. Vibrational autoionizing states converging to (010) 

Figure 4 shows the spectnim of autoionizin^ resonances observed in transitions from N* 
» 0 in the component of the 3pn (fi\0) con^lex selected by a P(l) transition 
from the K" a 0 X (000) neuUal ground slate. Rydberg structure is evident in the 
lower-energy pan of the spectrum where a regular progression of sharp raultiplets gives 
way to a sin^e soles of resonances that converges to a clear second-fiiolon ionization 
limit of 20296.9 cm’* with an average quantum defect of 1.07. 

This is the lowest threshold that can be extrapolated from these data, and thus 
presumably corresponds to the N*^ « I rotational ground stale of HCO* X *E*^ (010). 
Accounting for ©i,lhe rotational energy of the N" ® 1 ground slate, and the precisely 
known fundamental bending frequency of the cation, we obtain a rotationally state- 
detailed adiabatic potential of 65735.9 ±0.5 cm’*. ysiuc of this threshold together 
with available infi^d spectroscopic data on HCO*^, establishes state-detailed limits for 
all of the thermally accessible rotational levels of the cation ground state and 
fundamental vibralionally excited states. 

Scans of (02 for systematically selected originating levels of 3pn ^11 (010) 
uniquely associate transition enagies of resonances with final- state values of N, the 
total angular momentum less spin. Figure 5 shows a pair of such scans over the region 
of fixed principal quantum number n * 14 from inilid stales of N' » 4 and 6. With 
spectra adjust^ in both cases to measure transition energies from N* = 0, common 
resonances with N » 5 are clear to see Figure 6 collects n * 14 positions determined in 
this way for originating 3pii (010) levels ranging as high as N* « 9. At low values of 
N, these positions, plott^ as a function of N(N+ 1), form an irregular pattern, that 
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Figure 4. Resonant structure formed by vibrationally autoionizing states reached in 
second-photon abscaption from the first-photon prepared N*=0 rotational level in the 
(010) A’ vibronic component of the 3pic ^11 Rydberg state. 




Figure 5. Detail of the 6)2 spectrum in the region assigned an effective principal 
quantum number of !)•* 13, comparing final rotational states reached in transitions from 
N‘a4 and 6. The energy scale has be^ shifted to account for energy differences in the 
originating states. 
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settles as N inaeases to reflect a transition to Hund's case (d) in which Rydberg / and 
core emerge as good quantum numbers. For initial N' greater than 5, the most 
intense lines in the n* » 13 con^lex form an apparent PQR structure transitions that 
is well described by quantum defects of 0.98 aiui 1.08 referenced to convergence limits 
for which * N. Observable with less intensity are resonances that form similar 
patterns for lower values of N with quantum defects of 0.87 and 1.29. 



& 



19750 h 



19700 h 



19650 h 




20 40 60 
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Figure 6. States in the n* * 13 complex, sotted according to total angular momentum 
less spin versus energy, by sets of comparative scans as in Figure 5. 

The consequences of /-uncoupling behavior can also be seen as a function of 
increasing principal quantum number, n, for fixed values of N in second-j^oton scans 
over the full (010) autoionizing interval from lower initial rotational quantum numbers. 
Foe example, Figure 7 shows a scan from firsl-photon-selected 3 p« ^Tl (010) N’ * 
4, together with a case (d) simulation using only the N'*' * 3, 4 and 5 conveigence 
limits upon which we build series with quantum defects of 0.98 and 1.08. For lower 
values of principal quantum number, we can see that a significant number of features 
appear in the experimental spectrum that are not present in the sinple simulation. 
Simulations that account well for this structure can be constructed by including weaker 
series with quantum defects of 0.87 and 1.29 that converge to the same » 3, 4 and 5 
limits. Above n » 20, however, weaker structure becomes less evident, and, just as at 
high N forn* « 13, much of the spectrum conforms with a simple description in terms 
of two series convergu^ to three thresholds with quantum defects near 1. Note in 
particular the region around 20, 150 cm'* where the experimental stnicture contracts to 
form an apparent stroboscopic sequence of complex resonances. The simulation 
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accounts for this structure simply as a case (d) concodauce of Rydberg and rotational 
spacings. The agreement exhibited here for N* * 4 confirms that Ae convergence limit 
observed for N* » 1 is correctly assigned to » 1. 




19600 19800 20000 20200 20400 

Second photon te^iency (cm*t) 



Figure 7. Spectrum of HCO autoionization resonances obtained in transitions from the 
N' * 4 level of the S'** component of the 3ptc (010) system. Simulation using 
quantum defects of 0.98 and 1.08 for series converging to N** * 3,4 and 5 limits, set 
assuming that N+ « 1 lies 20296.9 cm*^ above 3 pn 2^ (OiO) I* N’ * 0, 

hi earlier work, we showed that measured linewidths of (010) resonances 
observed in transitions from 3pn (010) N' » 0 vary from our instmmental 
resolution to an upper limit at each n that can be described by a function, + Aci), 
where is 0.03 and C * 2600 cm'K For the purposes of the calculated 
spectrum presented in above, we simulate all linewidths by this formula, using a sii^ 
representative C of 1000 cm*^ . 



6. Vibrational autoionizing states converging to (OOi) 

Renner-Teller analysis of vibrational structure in the bending fundamental and overtones 
of the 3pit state isolates a band at the red edge of the (030) cornilex that can be 
assigned to the CO-strelch fundamental, (001). The upper trace in Figure 7 shows the 
spectrum of vibrational autoionization resonances ob^ed in a scan from the first- 
photon R(l)-selected N* a 2 level of this state. The autoionzing interval extends from 
the adiabatic ionization threshold, which falls in this spectrum in an energy region 
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defined by a principal quantum number of 8, to the vertical limit approximately 2200 
cm"^ higher. Structure that can be predicted for n ^ 8 straddles the achabatic ionization 
threshold so that some of the most penetrating states in this complex are too deeply 
bound to autoionize. 
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Figure 8. Spectrum of HCO autoionization resonances obtained in transitions from the 
hr a 2 level of the 3p® (001) state. Simulation using quantum defects of 0.87, 

0.98, 1.08 and 1.29 for sales conveiging to a 1,2 and 3 limits of HCO*’* (001) 
determined from ion inft*ared data combined with absolute limits detemiined by 
extrapolation of (010) series. 

The energy difference between (010) and (001) states of the cation is 1351 
cm'^ as established by infrared spectiosccpy [16]. The total energy difference between 
3pit originating states selected for (010) and (001) is 1444 cnr*. These energy 
separadons in the cation and the 3pn Rydberg state predict a second-photon convogence 
limit for (001) sales to HCO**^ *1+ (001) » 0 of 20207 cm’l, with higher 

rotational thresholds determined by level spacings known ftom cation infrared 
spectroscopy. Simply combining these limits with the quantum defects derived above 
from analysis of (010) spectra, yields the simulated spectrum shown as the lower trace 
in Figure 8. The 2184 cm'* ftmdamental fi*equency separating (001) from the cation 
ground state gives rise to a substantially larger autoionization interval for high-Rydberg 
states built on CX>strelch excited ceres. As a consequence, the simulation presented in 
Figure 8 begins with n » 8, a level where positions and intensities, particularly for more 
penetrating series, are less likely to be affected by /-uncoupling. Thus for illustration, 
we include series with the quantum defects of 0.87 and 129 observed under the more 
case-(b)-like conditions of low N at n* » 13 in (010) scans. In accordance with the 
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behavior of series with those quantum defects in (010) and in keeping with experimental 
intensity trends observed in (001) scans, our simulation attenuates these latter 
resonances with increasing principal quantum number by a factor of n"^. 

Census of individual linewidths in the autoionization spectrum obsaved in 
transitions from 31)1120(001)01^ a 1 yields an envelope bound by a function similar 
to that found for (010): + A<n, where A(D is 0.03 cnr^ and, for (001), C « 4600 

cm'*. We achieve satisfactory qualitative accord between expaimental and calculated 
spectra using a single representative Lorentzian line width of 2000 CUT*, twice that 
found best to describe (010) autoionizing sales. This trend is similar to one observed 
for vibrational autoionization in N02» where we find that resonances built on symmetric 
stretch excited states of the core decay much faster than those coupled by bend or 
asymmetric stretch. These trends probe popeities of the R-dependent quantum defect 
matrix. Symmetric stretch resonances reto by virtue of surface features charxterized to 
lowest orda by linear variations in diagonal elements of the quantum defect matrix. 
Asymmetric excited vibrational states couple to the totally symmetric cation ground 
state via surface intersections described by linear and hi^ier-order variations in off- 
diagonal matrix elements. In NO2. a stronger R-dependence for diagonal as compared 
with off-diagonal matrix elements signals significant differences between close-coupled 
Rydberg and cation diabatic potentials, with non-adiabadc effects relatively weak and/or 
confined. Fot HCO, there appears to be less difference in the intemuclear-coordinate 
dependence of terms on and off the diagonal in the quantum defect matrix. For a given 
mode, differences in resonance widths among various series are much smaller in HCO 
than in NO2. suggesting more extensive /-mixing in HCO, which perhaps explains the 
diminished chslinction tetween diagonal and off-(hagonal coupling. 



7. Vibrational autoionizing states converging to (020) 

Renner-Tello* coupling in the non-unique components 3pJt (020) complex mixes 
core vibrational slates (02%) and (02^) by coupling with the orbiud angular 
momentum of the 3p7t Rydberg electron. We can thus expect Franck-Condon factors 
for second-photon transitions from selected levels in these n vibronic components to 
encompass autoionizing senes converging to both a and 6 vibrational angular 
momentum components of HCC*" (020). Figure 9 shows a scan of <02 from the <0|- 
selected N* « 2 level of the upper FT con^jonent of the 3pn (020) complex. 
Structure extends 1800 cm"*, from the vibrationless iotizadon threshold to an apparent 
second-photon limit near 20200 cm'*. In the upper half of this spectrum, vibrational 
autoionizalion can couple Rydberg slates built on the (CGO) state of the core with the 
(010) continuum in a Av2 « 1 relaxation process. Second-photon fi^uencies below 
19400 cm’* yield total energies below die (010) threshold so that autoionization 
requires a two-quantum transition from (020) to the (000) ground stale of the cation. 
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Figure 9. Spectrum of HCO autoionization resonances obtained in transitions from the 
N' « 2 level of the upper n component of the 3pwc (020) system. Simulation using 
quantum defects indicated in Figure 10, together with a full set. of N* convergence limits 
determined by ass^ning the observed limit of 20170.3 cm*’ to (02^ N* ® I and the 
20192.1 cirr’ limit to (02^0) N* = 3, with an assumed (02^) • (02^) spacing of 16 
cm’’ and an HCO* rotational constant of 1.48 cm*’. Intensities are those of Figure 10, 
scaled by n"^. 

Rydberg-Rydberg optical transitions are allowed from 3pic (020) n hT * 2 
to higho* Hand's case (b) sa, dc, dx and d6 Rydberg states with total angular 
momentum less spin of N * 1, 2 and 3. Also allowed in the C©oy P<^mt group of 
Rydberg HCO, are transitions to puand pit states of the same final N. With increasing 
principal quantum number, n, oibital angular momentum uncouples from the 
intemuclear axis and these final Rydberg states realign, conserving N, to form / » 0, 1 
and 2 (s, p and d) case (d) states converging to N+ » 0. 1, 2, 3, 4 and 5 rotational levels 
of HCO* (0^) and toN* .2, 3. 4 and 5 of (0220). 

A number of the lines in this spectrum can be assigned to series that span the 
autoionizadon interval. For example, a distinct feature that can be seen most 
prominently on the red edge of bands in the secend-photon energy region from 19400 to 
19800 enr^ forms a sales converging to 20170.3 cm’^wilh a quantum defect of 1.06 
Another series with con:^)arable intensity appears most prominently in the region of 
principal quantum number region greats than n = 20. This series converges to a higher 
ionization limit, 20192.12 cm*^ the same quantum defect of 106. Though yet to 
be measured, the rotational constant of HCO^ (020) can be confidently estimated to be 
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1.48 ± 0.001 cm’^ 116]. The difference between the two prominent limits just described 
fits with no rotational energy spacing calculable from this constant However, if we 
assume a (02^)-(02^) spacing of 16 cm’^, these thresholds fit precisely with the 
relative energy of HCO’*' (02^) N+ ■ 1 and (02^0) * 3. Usii^ these fixed points to 

establish all of the other accessible (020) limits, we find that we can assign a great deal 
of the structure in the autoionization spectnim to sales of approximately constant 
quantum defect converging to (02^) N* a 0, 1, 2 and 3 and (02^) N*** a 3. 4 5. 




Figure 10. Detail of the region around n* * 13 with ladders marking the positions of 
transitions to assigned Rydberg rotational states. Simulation using quantum defects 
indicated together with Iv convergence limits as in Figure 9. Simulated intensities 
associated with the complete set of series for each quantum defect are chosen aibitrarily 
to match experimental features. 
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Figure 10 shows a detail of the region around n* « 13, with ladders indicatii^ 
assignments and a simulation of the spectrum. Tbe lower trace in Figure 9 extends the 
same simulation to the spectrum in full. 

As evident in Figure 9, a simple Rydberg fit explains a large fraction of the 
(020) auloionization spectnim in terms of a single pair of reference ionization energies 
and a handful of quantum defects. There are several general conclusions that we can (haw 
about the properties of the spectnim from the parameters of this simulation. We see 
that the dominant structure in the spectrum from 3p« ^11 (020) n N* » 2 is carried by 
series convergingto HCO* ^r** (02f^) N+ « 1 , 2 and 3 and (02^) N*** * 3, 4 and 5. 
Above the AV 2 « 1 threshold, resonances associated with the /j, = 2 state of the cation 
exhibit intensities and linewidths about equal with features converging to /v » 0 limits. 
At lower energies, where both quanta ofv 2 are required for electron ejection, resonances 
are weaker and sharper. For these smaller principal quantum numbers, simple case (d) 
convergence to well defined values of is a less accurate description of the spectrum. 
NeverAeless, it is clear that a /y » 2 contribution derived from the fit to higher principal 
quantum numbers is necessary to account for the density of lines. Furthermore, there is 
nothing in the low-n spectrum to indicate that the Av 2 = 2 autoionization dynamics 
differ significantly for core states of /y » 2 versus /y « 0. 

Above the (010) threshold, we assign a genaalized hnewidth parameter of F * 
1000 to all (020) series. This is the same coefficient that was found to give 
reasonable qualitative acccttd between experiment and simulated saies built on the 
bending fundamental. Below the (010) threshold, intensities are low and observed 
widths approach our experimental resolution. Thus, we hesitate to estimate linewidths 
other than to say that all features sharpen. This is consistent with a Av s i propensity, 
which is well known in diatomics where it is ascribed to the requirement for himonic 
vibrational potentials that only higher-ordo’ variations of ^R) with intemuclear 
separation are effective in the Av » 2 coupling of Rydberg electronic states. 
Interestingly, above the (010) threshold, resonances converging to o (02^) ^d 5 (02^) 
states of HCO* exhibit comparable linewidths that also match with resonances built on 
(010). This seems consistent with the fact that in all three cases, discrete states couple 
by AV 2 « 1 processes that require Af » 1; (02^) o (010) k, (02^0) 8 (010) and 

(010) n -4 (000) Q. Quantum defects ch^terizing these spectra are the same as those 
found to fit series converging to HCO*** (001). ftowever, in all three bending cases, 
resonances are shaiper on averse than those associated with states that daay by 
relaxation of CO stretch by about a factor of two. This trend is qualitatively similar to 
the one that we observed seme time ago for NO 2 . In that case, however, the linewidth 
difference between bending and stretching resonances was closer to an order of magnitude 
for the troadest features. These results may simply reflect the distinct exci^-state 
electronic structure of NO 2 and HCO. Alternatively, perhaps the common trends in 
mode specificity we see here reflect a coupling hierarchy determined by the symmetry 
properties of the quantum defect matrix for linear Iriatomics, or maybe these relaxation 
rates imply a broader connection between vibrational topology and cation^eciron 
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inelastic scattering. Further work is needed in a broader range of triatomic molecules 
with closed-shell cadon cores to experimentally resolve these issues and motivate a full- 
scale theoretical attack joining excited-state ab initio calculations with triatomic 
multichannel quantum defect theory. 
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A two-photon resonant multiphoton ionisation study of the SH radical has 
revealed 14 new Rydberg states which aD belong to series converging 

upon the a^Aand excited ionic states. A wealth of spectroscopic and 
dynamical information is obtained, and the role of autoionisation and 
configuration interaction is highlighted. 



1. Introduction 

Ultraviolet photochemistry of sulphur-containing compounds which are 
released into the earth's almospnere from natural and anthropogenic 
sources often leads to the production of the important mercapto r^cal 
(SH). Moreover, in view of the high cosmic abundance of sulphur it is 
reasonable to expect that sulphur-containing molecules will be detectable in 
interstellar space, and indeed SH is of interest from an astrophysical point 
of view [1]. The molecules CS, SO, OCS, and H2S have ateady been 
observed [2-4], but the mercapto radical SH, the simplest compound of 
them aU, has remained elusive under interstellar conditions until now 
[5,^. A more detailed understanding of the electronic structure of the SH 
raical might be helpful in understanding the role of this short-lived 
species under experimental conditions which are relevant for atmospheric 
and interstellar circumstances. 

The SH radical possesses an X^Il neutral ground state resulting from a 
(la)2(2a)^(3a)2(l?r)4(4a)2{5a)2(2rt)3 electronic configuration. A spin- 
orbit splitting with Aq"=- 376.835 [7] gives rise to an inverted 

separation of this ground state with the 2113/2 t’clc^w the 2rii/2 state. The 
mercapto radical in its neutral ground state has been investigated in great 
detail using a wide range of sp^troscopic techniques to study pure 
rotational and rovibrational transitions [8]. The lowest electronically 
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excited state of the SH radical arises from the valence excitation 5<J — > 2n. 

Sevaal studies focusing on the ■ X^Ilband system have led to a lot 
of information about the spectroscopic and dynamical properties of the A 
state [9-11]. 

Removal of a 2it electron which is predominantly localised on the 
sulphur atom leads to a ... (2tt)2 electronic configuration which gives rise 
to three relatively close-lying ionic states: the X^Z" ground state, as well as 
the a*A and excited ionic states. When an electron from the deeper 

lying 5<y orbital is removed, higher ionic states with A^FI and c*n 
symmetry ate formed. Ionisation energies with an accuracy of 0,01 eV (- 
80 cni'l) have been determined with Hel vacuum ultraviolet (VUV) 
photoelectron spectroscopy (PES) [12]. A more accurate determination of 
the ionisation energy of the X^E* ground state of the ion has been carried 
out using pulsed field ionisation methods [13], The spectroscopic 
properties of most of these ionic states have been derived from careful 

studies of the A^H - X^E” and c*n - b^E* band systems [14-17]. In 
addition to this extensive experimental work a number of theraetical 

studies have been performed for the SH* ion [18], 

Higher excited states of the neutr^ species can be generated through 
excitation of electrons to series of Rydberg states which converge upon the 
various avaUable ionic limits. In an eany one-photon VUv absorption 

study [19] seven such states have been reported (D, F, G, and H^Il states 

converging upon the ground ionic state, and C^A, and B and E^E states 
which were left unassigned). The assignment of all seven states has been 
reconsidered on the basis of later ah initio calculations [20]. In a more 
recent (2-fl) resonance enhanced multiphoton ionisation study on the SH 
and SD rascals three Rydberg states were observed which each arose 

from a 2it —> 4p excitation [21], From an analysis of the rotational fine 
structure accompanying the two-photon excitation two of these states could 
be identified as the lowest members of the (X^E'jnpa and [X^E*]npn 
Rydberg soies converging upon the lowest ionic limit, while the third 
state was assigned as [a^A]4p« converging upon the excited 
a*A(v*=0) ionic state. The state corresponded to the previously 
observed C state which had been erroneously assigned as 2 a [19]. Hence, 
a total of nine excited states of the neutral SH species were known until 
1995. 
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Figure I. Ener^-level diagram showing the 14 newly obsaved Rydberg stales of SH 
and the relevant ionisation limits. The state marked with an asterisk was only seen for 
SD. (Reproduced with permission from [35], copyright 1996 American Institute of 
Physics). 
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The a*A and excited ionic states are located only 1.22 and 2.34 

eV above the lowest ionic state. Hence, Rydberg slates converging 
upon these excited ionic cores will lie in approximately the same energy 
region as those converging upon the X^lT lowest limit, and should be 
accessible with two-photon excitation methods. The study of the 
spectroscopy and the dynamics of '‘excited core” Rydberg slates is of 
interest for a number of reasons. First, such states might serve as stepping 
stones in producing excited ions in well-defined electronic, vibration^ and 
rotational states. Secondly, such Rydberg states are expected to be located 
both below and above the lowest ionic threshold, from which different 
autoionisation behaviour can be expected. Thirdly, SH is isovalent with 
OH which is an extremely important intermeiate in combustion, 
atmospheric and interstellar chemistry. High-resolution multiphoton 
ionisation studies of OH are hampered by the high ionisation energies of 
this molecule [22,23], and it is hoped that a study on SH would reveal 
general features of the electronic and dynamical properties of Rydberg 
states in OH. 

In the following it will be demonstrated how via two-photon resonance 
enhanced muliiphoton ionisation spectroscopy (often in conjunction with 
photoelectron spectroscopy) 14 new states of the SH radical have been 
detected. A summary ofw the new stales of SH is given in Figure 1 and 
in Table 1. For completeness the newly observed SD states are also given. 
Seven of these SH states are located 6elow, and seven above the lowest 
ionisation limit. All these states converge upon excited ionic limits with 

either an a^A or a core. The states below the ionic threshold 
usuaUy show rotationaUy resolved excitation spectra although a detailed 
specli^ analysis is not siways possible. Remarkably, for tHree SH states 

above the lowest ionic limit, all with an a^A core, rotationaUy resolved 
excitation spectra are also obtained, indicating either that autoionisation is 
unusually slow, or that absorption of a third photon after the two-photon 
excitation step is a more probable process than autoionisation into the 

continua associated with the X^Z* ground ionic state. In contrast, for those 

SH stales which possess a b^Z*** core sev^ly broadened excitation spectra 
are measured. These results elucidate the importance of the various 
autoionisation channels available for Rydberg slates built upon different 
excited ionic cores. 



2. Experimental 

SH (SD) radicals are generated in this work through in situ 
phoiodissociation of an effusive beam of H 2 S (99.6 % Messer Giiesheim) 
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TABLE 1. SpectroscofMC constants (cm'O derived for various new Rydberg states of SH 
and SD. For comparison the spectroscopic constants of the X^II ground state are given 
as well [7 AO]. Tbe values in parentheses represent tbe standaid deviation in the last 
significant digits. 



Electronic state 


Tv 


Bv 


DvXlO^ 


Av 


SH 


x^n(v"^) 


0 


9.604 


4.8299 


-376.835 


[a^AlSdff^v'-O) 

[aUlSdo^AfV-O) 


78006.36(9) 

79652±80 


8.855(3) 


2.9(2) 


-1.18(6) 


[b^I+]4po^2+(v‘aO) 


8169180(45) 


8.609(28) 


-19(3) 




IaU|3d5^r^*(v'=l) 

[alA]5p«2n(v‘=0) 

[b‘r+]4pjc^n(v^=0) 
[a*A]5p3t ^O(v'=0) 
[a^A]4d complex 
[b^nSd complex 
[a’A]5d complex 
[b^X'*]5p complex 
[b^2+]4d complex 
[b^X*^]4f complex 


82287.65(67) 

82766180 

83189130 

85277.6(3) 

86816120 

88017130 

8931S120 

92720130 

94571130 

95620130 


8.214(34) 


-15(4) 




sc 


x2n(v’^) 


0 


4.900 


1.35 


•376.75 


[a'A]3ds2*(v'=0) 
[a'A]3do 2 A(v’=0) 


77996.65(12) 

79634180 


4.668(3) 


9.79(15) 


-1-25(7) 


[a'A)3«bt "2n''(v'=0) 


80420.6(3) 


4.342(7) 


•3.1(3) 




[a'A13d8^r*(v'=l) 


81451.36(13) 


4.576(9) 


10(1) 




[b'£*]4po 22*<v'=0) 
[b‘l-*]4pjt2n(v'=0) 
(a>A]5pn ^n(v'=0) 
[a'A]5pn ^{v’^) 
[aU]4d complex 
[a'A]5d complex 


81946.7(3) 

82814130 

82964130 

85271.3(3) 

8681^20 

89318120 


4.47(1) 


4.6(7) 





or D 2 S (98 % D, Campro Scientific) following excitation to its first 
dissociative absorption band in the wavelength range between 270 and 180 
nm [24]. It is known that after phoiodissociation or H 2 S at near-ultraviolet 
phoiodissociation wavelengths SH (SD) fragments are formed in their 
ground vibrational level with a - 3:2 ratio over the ^Il3/2 ^md ^Uifz spin- 
orbit components, and with a rotational distribution which can be 
described by a Boltzmann temperature of - 300 K [25-32]. In the present 
study both the phoiodissociation and the (2+1) multiphoton ionisation 
spectroscopy of SH (SD) are carried out with a single colour, with 
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wavelen^s between 258 and 208 nm. Although the concentration of the 
radicals formed may depend on the precise excitation wavelength, the 
radical production is expected to be a slowly varying function of the 
wavelength used, allowing for a rehable comparison or spectral intensities 
within ahmited excitation mterval. 

In the present study extensive use is made of a nanosecond laser system 
in combination with a home-buUt “magnetic bottle” electron spectrometer 
[33], In this type of spectrometer the laser light is focused into the 
ionisation r^ion by means of a plano-convex quartz lens with a focal 
length of 25 mm. A similar lens is txDsitioned on the other side of the 
spectrometer, thus allowing the use ofa second laser beam for two-colour 
experiments. A strongly diverging magnetic field paralleUizes 50 % of the 
electrons produced during a Iker shot which are subsequently separated 
according to their kinetic energies in a 50 cm long flight tube. After 
detection by a pair of microchannel plates the sign^ is amplified by a 
home-buUt preamplifier and stored in a transient digitizer which is 
connected to a microcomputer for further analysis. A photoelectron 
spectmm is generated in the computer by increasing in steps the retarding 
voltage on a grid in the flight tube and transforming each time only the 
high-resolution part of the time-of-flight spectrum. By this technique a 
resolution of typically 10 meV can be obtamed for representative electron 
kinetic energies. The laser pulse power is kept as low as jxissible to avoid 
space-charge effects. For calibration purposes known resonances of xenon 
and atomic sulphur (which is alk) produced by photolysis of the 
precursors) in the two-photon range between 79 500 - 89 800 cm*^ were 
used. 

Apart from kinetic-energy resolved electron detection the “magnetic 
bottle*’ spectrometer also allows for mass-resolved ion detection by 
application of appropriate voltages to two grids on opposite sides of the 
ionisation region. The detection efficiency is, however, somewhat lower 
than for electron detection. FinaOy, the “magnetic bottle” spectrometer can 
also be employed in a zero-kinetic-energy (ZEKE) photoelectron detection 
mode with piilsed field ionisation (PFI) by applying appropriate dc and 
pulsed electric fields to the grids. The combinatron of mese various 
capabilities makes the ‘^magnetic bottle” spectrometer an extremely 
powerful and flexible tool for the study of short-lived species generate 
through photodissociation [34]. 

A sin^e excimer-pumpkl dye laser provided the photons required for 
both the photodissociation of the precursors and the spectroscopy of the 
SH (SD) radicals. The laser system consists of a Lumonics Hyper£)ye-500 
dye laser (bandwidth - 0.08 cm**) operating on a variety of dyes, which is 
)umped by a XeQ excimer laser (Lumonics HyperEx-460) operating at 30 
Iz. The dye laser output is frequency doubled using a Lumonics 
lypertrak-1000 unit equipped with a BBO or a KDP crystal. 
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Figure 2. (a) Experimental fwo-photon excitation spectrum of the [a*A]3dtc <- 

<•• 2n(v*'«b) transition in SH. Individual line assignments are given by the combs 
above the spectrum, (b) Simulated excitation spectrum for SH. {Reproduced with 
permission from P5], copyright 1996 American mstitute of Ffrysics). 
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Figure 3(a) shows the measured photoelectron spectrum for the 

(v*^, N’sll) ••> a^A(v+=0, N*) transition of SH, obtained via the 
S,i(19/2) rotational transition [36], Tte rotationally resolved spectrum 
shows a relatively small transition, while strong 

asymmetries between the ANs+1 and -1 peaks and AN«4-2 and -2 peaks 
are apparent. While minor asymmetries in rotational ion distributions are 
not exceptional, the present ooservation is highly unusual. Moreover, in an 
atomiclife picture tne selection rules on removal of a 3d-type Rydberg 
electron would predict rotational ion distributions with transitions up to 

AN=±4. Clearly, AN«±3 and ANa±4 transitions are not observed. An 
explanation of the underlying dynamics which causes these unusual 
features is definitely of interest 



Figure 3. Measured and 
calculated photoelection spectra 
for ionisation of the [a*A]3dn 
^vMI, N*»ll) stale of SH by 
(2+1) REMPI via the S,^(19/2) 
rotational branch. (Reproduced 
with permission from [36], 
copyright 1995 American 
Institute of Physics). 
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Figure 3(b) shows the results of ah initio calculations of the rotationally 
resolved photoelectron spectrum [36]. In these calculations the resonant 
intermediate state as well as the electronic continuum final state are treated 
at the Hartiee-Fock level employing multiplet-specific fmal-state potentials. 
Effects of alignment following the two-photon absorption to the 

intermediate [alA]3dfc ^ state have been included. Since the e.^parities 

of the rotational levels in the ^ intermediate state and the a^A ionic state 
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cannot be resolved experimentally, the contributions from the cross 
sections from both the e and / parities of each rotational level have been 
summed up in the calculated spectra. Agreement between experimental and 
theoretical spectra appears to be excellent in fact, this level of agi^ment is 
not limited to the transition at hand, but is seen for ionisation via a large 
number of resonances [37], 

A detailed consideration of the calculated results shows that the fact that 
transitions with AN^t3 or 4 are not observed is due to destructive 
interference between the f waves in the different photoelectron continua. 
On a more approximate level the results can be interpreted in terms of a 

simple sudden approximation model in which the ion core acts as a 

spectator as the 3dJt Rydberg electron is ionised by absorption of a single 
photon. In such a model, the angular momentum of the photon is 
transferred only to the Rydberg electron [37]. 

The remarkable asymmetries in the rotationally resolved photoelectron 
spectra arise from the fact that the resonant intermediate state has a large 

component of electronic angular momentum (A’ *3) along the intemuclear 
axis, coupled to the relatively small angular momentum associated with the 
end-over-end rotation. These strong asymmetries are a reflection of the full 
quantum-mechanical character of the photoionisation process, in striking 
contrast with the classical picture of rotational motion which would predict 
symmetrical ion distributioi^attems [36,37]. 

In Figure 4 the first ZEKE-PFI spectra associated with an excited ionic 
state of a short-lived radical is shown [34], After a two-photon excitation 

in which various rotational states ofthe [alA]3d« intermediate state can 
be addressed, a second photon of a different colour is employed to excite 
the manifold of high-/t Rydberg states located just below the a*A excited 
ionic threshold. Aldiough these high-« states can in principle decay into the 
continua of the underlying X^L* ground ionic state, their lifetimes appear 
to be sufficient to act as the required stepping stones in the PFI process. 
These experiments provide the best known ionisation energy of the a^A 
state of SH of 11.6453 ± 0.0004 eV. Even though these ZEKE-PFI 
spectra are obtained in a “magnetic bottle” spectrometer which has by no 
means been designed for the purpose of ^KE, the gain in resolution 
compared to conventional photoelectron spectroscopy (see Figure 2) is 
stribng. A further comparison with Figure 2 shows that tte intensities of 
the ion distribution pattern for the present transition obtained either with 
conventional or with ZEKE-PFI appear to be very similar. Often this type 
of correspondence between the results of both ex^rimental methods is not 
observed. Differences are usually described to the fact the high-n Rydberg 
states which are required in 7F.K F.-PFI, but not in conventional PES, 
show significant autoionisation behaviour. In the present case this 
autoionisation appears to be relatively unimportant, an issue which will be 
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discussed in more detail later. 



Fifiure 4. ZEKE-PFl erf the a^A 
excited ionic slate of SH* 
obtained after two-photon 
excitation of the [a'AlMic 
2o(V«0)vialhe (a) S,(3/2): (b) 
S,(5/2); (c) S.(7/2); (d) S,{9/2) 
+ %,(3/2); (e)S,(lW);and(f) 
S,{l3y2) + >S„(5/2). Individual 
line assignments are indicated 
by the comb above the 
spectrum. (Reproduced with 
permission ^m [34], copyright 
1996 American Institute of 
Riysics). 
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3.1.2 The la^A}3d<T^A(v’=0) state 

Although the rotationally resolved excitation spectrum associated with the 
[a'A]3d7t state can be simulated quite adequately, small differences 
between measured and calculated spe^a remain. Also, surorisingly the 
spin-orbit parameter for this state, which would be expected to be small 
and positive due to the dominant contribution from the single 3dJC electron, 
is found to be negative. The most likely explanation for the intensity 
anomalies is in terms of an 1-uncoupling mteraction with a nearby state. 
Since the 1-uncoupling operator is known to connect states which belong to 

the same 1 complex and differ by AA=±1, a state of [a^AlSda ^A 
symmetry would be a good candidate. Evidence for a state with an 
excitation energy - 1600 cm** higher than that of the [a*A]3dn state 
has been obtained with electron and mass-resolved ion detection for both 
the SH and SD radicals. At a one-photon energy of - 39 826 cm** two 
close-lying fragmentary structures were found for SH. Employing electron 
detection these structures could be distinguished from each other by 
simultaneously monitoring photoelectrons with different kinetic energies. 
The photoelectrons for the lower-lying structure appeared to arise from an 
ionisation process in which SH+is left in its ground ionic state, while the 
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other structure at ~ 40 cnr^ higher energy derives from a state with the 
excited a^A ionic core. The former structure most probably corresponds to 
the [X3L*]5d5 G^A state previously observed in VUV absorption, while 
the latter structure could well be the [a'AlSda^A state and is assigned as 
such. The negative sign of the spin-orbit coupling of the [a* A]3dn state 
cannot be explained through an 1-uncoupling interaction with the [a*A]3da 
2a state. In order to explain this observation the interaction with another 
perturber has to be invoiced. Spin-orbit interaction with a lower-lying 
[a*A]6cy* ^A valence state could be a possibility [35], 

3.1.3 The(aiAJ3da “2n’’(v'=0) slate 

In the energy range between 80 100 - 80 750 cm*^ a rotationally resolved 
excitation sp^trum is observed for SD, but in the corresponding range no 
features that could be ascribed to SH were found. The photoelectron 
spectra associated with this excitation spectrum indicate that the state 

possesses a vibrationless a* A core. When the polarisation of the excitation 
light is changed from linear to circular, the spectral changes suggest that 
the sparse rotational structure should arise from a two-photon 2n - 2n 

transition. On the basis of its quantum defect (5=0.15) and the knowledge 
of the ionic core the state should have the same configuration as the 
[a^A]3drt 2^ state discussed previously, thus leading to a preferred 
[a^A]3dn 2n assignment All the rotational lines in the excitation spectrum 
could be simulated on this basis, but discrep^cies remained. Differences 
between simulated and experimental intensities, and rotational transitions 
which were predicted in the simulations but not observed experimentally 
cast doubt on the assignment In order to explain the intensity variations 1- 

uncoupling interaction with the (a^A]3d(T state and/or spin-orbit 
interaction with the [a^A]6o* 2 a valence state may again play a role. These 
interactions are unlikely to provide an explanation for the missing 
transitions which would be more easily understood if the state were 

assigned to [a^A]3d» 2p. However, with the tatter spectral assignment the 
intensity variations can only be understood when interactions with more 
than two other states are invoked [35]. 

3.1.4 The [b^2-*‘}4p(j^E*'(v’=0) and [a^A]3dS^S*'(v’=l) stales 

In the two-photon energy range between 81 200 - 82 750 cm*^ two partly 
overlapping rotationally resolved excitation spectra of the SH radical are 
located. When only photoelectrons with a kinetic energy of about 2.5 eV 
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are monitored, a (2+1) process in which SH*^ is formed in its second 
excited i(Miic state is observed. From a rotational analysis of the 
excitation spectrum and its quantum defect this state can be assigned as 
[b'Z+]4pa The photoelectron spectrum of this state is presented in 
Figure 5 and shows some unusual features. Apart from the expected peak 
corresponding with a transition to the vibrationless level of the b^Z*** ionic 
state, weaker peaks whose kinetic en^gies are consistent with ionisation 
into the level of the same ionic state, as well as transitions associated 

with the formation of SH+in the lower-lying alA(v^0, 1,2) ionic state are 
observed. This photoelectron spectrum provides the clear signature of a 
mixed configuration for this state, and labels it as predominantly a 

[b^Z^]4pa 2Z+(v'M)) configuration, but mixed with a state with an a* A 
core in its v’=l vibrational level. Considering the energy region and 



assuming an electrostatic interaction, a perturber which also possesses 2x+ 
symmetry is called for. A likely candidate is the [a^A]3d5 ^Z'*'(v’=l) state. 
It would obviously be worthwhile if the inferred presence of this state 
could be confirmed by direct detection. 

Figure 5. Pbotoeledroo 
spectnim taken for (2+1) 
ionisation via the [b*X'^]4p0 

^(v'aO) stale of SH, taken at 
a one-photon energy of 40 887 
(Reproduced with 
permission from [35], copyright 
1996 American Institute of 
Riysics). 

Kinrrte Eftcciy <«V) 




Figure 6. Photoelectron 
spectrum taken for C+1) 
ionisation via the {a^A]3<iS 
state of SH, taken at 
a one-photon energy of 41 255 
coT^ (Reproduced with 
permission from [35], copyright 
1996 American Institute of 
Physics). 




By monitoring photoelectrons with a kinetic energy of about 3.3 eV in 
the two-photon energy region between 81 1(X) - 81 750 for SD a 
rolationmly resolved excitation spectrum was observed. For SH a weaker 
and somewhat more fragmentary structure was obs^ed 800 to 
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higher energy. The photoelectron spectrum of this SH state is presented in 
Figure 6 and is again the signature of a state with a mixed electronic 
character. Moreover, this spectrum readily confirms the existence of the 

[a^A]3d8 22+(v’= 1) state inferred above, thus indicating that 
photoelectron spectroscopy possesses the remarkable capabOity of 
elucidating effects of configuration interaction in atoms and molecules in a 
purely experimental fashion. 

Since the two 2x+ states interact strongly, their wavefunctions can be 
described in a simple two-state interaction model as follows: 

2I+(1) = [bil+]4p(3 2l+(v’=0) + Hel / AE [alA]3d5 2l+(v’=l) 

2X+(2) = [a»A]3d5 2x+(v’=l) + / AE [b‘Z*]4po 2x+(v*=0) 

with 

Hel = < [alA]3d5 2z+ 1 Z e2 / ry I [blZ+]4po 2z+ > (v’=l I v’=0) 

where AEis the energy separation between the mutually perturbing states. 
A direct comparison between the observed branching ratios into the 
different ionic states and the wave function composition is not possible 
since the spectral intensities also depend on the unknown relative cross 
sections to the two ionic cores [35], 

3.1.5 The [a^^]5p}t^IVv’sO) and [b^S*‘}4pa^F^v‘=0) states 

In the two-photon energy region between 82 300 - 83 600 cra‘1 two close- 
lying and partly overlapping largely rotationally resolved excitation spectra 
of the SH and SD radicals are located. When only photoelectrons with a 
kinetic energy of about 2.7 eV are monitored, a (2+1) process in which 

SH+ is formed in the vibrationless level of the second excited b^Z* ionic 
state is observed. The polarisation dependence of the spectrum strongly 
suggests a two-photon 2n • 2n transition, hence le adin g to an assignment 

of [blZ*}4pjt 2fi(v’=0). The corresponding photoelectron spectrum is 
presented in Figure 7(a) and confirms these findings. The ionising 

transition is predominantly due to [b^Z+Jfv+sO). Three moderately intense 
unmarked pe^ in this spectrum are not associated with the SH radical. 
They are attributed to sulphur atoms which are also formed through 
photodissociation of the precursor compound (-- 5.1 eV), to a COS 
impurity in the H 2 S sample (- 4.5 eV), or remain unassigned (- 13 eV). 

When only photoeledrons with a kinetic energy of about 3.8 eV are 
monitored, a very sparse spectrum corresponding to a (2+1) process in 
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Figure 7. Riotoelectron 

spectrum taken for (2+1) 

ionisation via the (a) 

^Il(VsO) Slate of SH usii^ a 
one-photon energy of 41 695 
cm'*; (b) the [a^AlSpic ^n(v's0) 
state of SH using a one-j^oton 
energy of 41 495 cm'l. {R&pro- 
duced with permission from 
[35], copyright 1996 American 
Institute of Riysics). 
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which SH"*" is formed in the vibrationless level of the first excited a*A ionic 
state is observed. This particular transition appears to lead to a better 
rotationaUy resolved excitation spectrum in the case of SD. Again, 
changing the polarisaticai from linear to circular resulted in a complete 
disappearance of these spectra, leading to the unambiguous conclusion that 
a two-photon 2n - 2n transition is involved. The preferred assignment of 
this state in this energy region is therefore taken to be [a^AJSptr 2ri(v’=0). 
The corresponding photoelectron spectram for SH is presented in Figure 
7(b) and confirms these findings. The ionising transition is predominantly 

due to [a*A](v+=0). 

Although the states are observed in an energy region which spans a 
mere 1000 cm*^ and also have the same symmetry, a configuration 
interaction between both states can obviously not be r^ed out. However, 
contrary to the situation in section 3.1.4 where monitoring the 

[blX+lfy+sO) and [alA](v+=l)ionisation charmels produced identical 

spectra for tbl2*]4po 2j;+(v’=0). we observe here that the ionisation 
channels are uncorrelated. TTiis would point to a description in which the 
two states do not interact significandy [35]. 
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3.2 STATES ABOVE THE LOWEST IONIC THRESHOLD 
3.2.1 The [a^A]5pn^4iy*sO) state 

R.y)-i 

“n 1 1 IT) mTTr^jW 



b. 
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two photon energy (cm*') 

Figure 8. Two^holon excitation spec^ of the (a^A]5pn ^<l>(v'«0) <— <— ^II(v"aO) 
transition in SH. Individual line assignments are given by the combs above Ihe 
specirum. (a) Expaimenial spectrum obtained by collecting photoeleclions deriving 
from a (2+1) ionisation process to the a*A(v*»0) state, (b) Simulated spectrum. 
(Reproduced with pomission from [38], copyright Elsevier Science B.V.). 

Figure 8 shows the experimental and simulated two-pholon excitation 
spectta of the SH radical in the energy range of 84 800 - 85 6(X) 
obtained by only monitoring photodectrons with a kinetic energy of 
approximately 4.2 eV. As confirmed by photoelectron spectroscopy these 
electrons derive from a core-preserving photoionisation process in which a 

(2+1) transition from the X^n (v”s:0) ground state to the a*A(v+=0) 
excited ionic state occurs. Despite the fact that this state is located above 
the lowest ionisation threshold the excitation spectrum shows extensive 
rotational structure. This highly unusual observation indicates that the 
absorption of a third photon after the rwo-photon excitation step is a more 
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probable process than autoionisation into the underlying continua of the 

X^L‘ ionic ground state. The spectroscopic parameters of this state 
havebeen determined from an analysis of the rotational structure. The 
results of the simulation and of photoelectron spectroscopy lead to the 
unambiguous conclusion that this Rydberg state must be assigned as 

Ia>AJ5pJC 20 (v’^) [38]. 

As was the case with the [a*A]3dn 20(v’=0) state discussed in section 
3,1.1, rotationaDy resolved photoelectron spectra were obtained for 
rotational levels of the intermediate 20 state with relatively high rotational 
angular momentum. Similarly, these photoelectron spectra showed strong 

asymmetries between the AN=+land-l peaks and AN=+2 and -2 peaks, 
whOe transitions associated with larger changes in AN were not observed 
[381. In an atomiclike picture the selection rules on removal of a 5p-type 
Rydberg electron would predict a dominant d wave for photoionisation, 

and hence rotational ion distributions with transitions up to AN=±3. 
However, quantum-chemical calculations also show a dominant /-wave 
contribution, in addition to the expected s and d waves. The 

photoionisation of this 5pJt Rydberg state clearly carries much more of the 

signature of molecular scattering than photoionisation of the 3drc orbital. 
The absence of large angular momentum transfers again suggests that 
interference between outgoing continuum channels plays an important role. 
The strong asymmetrical patterns observed in th^hotoelectron spectra are 
again due to failure to reach the classical limit [3T[ 

3.22 The (a^AJ4d and [a^AjSd complexes 

Figure 9(a) shows the experimental two-photon excitation spectrum of the 
SH radical in the energy range of 86 3(X) - 87 3(X) cm** obtained by mass- 
resolved ion detection of the SH+ fragment Similarly, in Figure (9b) the 
experimental two-photon excitation spectrum of the SH radical in the 

energy range between 88 800 - 89 800 cm** is presented. Comparable 
spectra were obtained for the SD radical by mass-resolved detection of 

SD+. From the energy range in which these excitation spectra occur we 
assign them as the [a*A]4d and [a*A]5d complexes, respectively. 
Although these resonances are located above the lowest ionisation 
threshold, rotationally resolved excitation spectra were again observed. 
Since in this energy range a plethora of states deriving from [a*A]ndX. 
configurations is expected, it should come as no surprise that the rotational 
structures of the excitation spectra in Figure 9 have defied analysis. Unlike 
the situation described in section 3.2.1, the observation of mass-detected 
rotationally resolved excitation spectra is not accompanied by the detection 
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of photoelectrons associated with photoionisation into higher ionic states. 
These observations suggest that this time autoionisation into the underlying 
continua of the X^X* ionic ground state is preferred over the absorption of 
a third photon [35], 




I I I I I ' I 

88800 89000 89200 89400 89600 89800 



Two-phoion Energy (cm*‘) 



Figure 9. Two-photon excitation spectra of the (a) [a*A)4d Rydberg conplex of SH; (b) 
the [a^A)5d Rydberg con^jlex of SH. The spectra were obtained using niass-iesolved ion 
detection. (Reproduced with permission from [35], copyright 1996 American Institute of 
Riysics). 

In general, autoionisation processes prevent the observation of 
rotationiJly resolved excitation spectra as these processes lead to short 
lifetimes of the states and hence excessive broadening of the spectra. Only 
few examples are known in which autoionisation, in particular spin-orbit 
autoionisation, proceeds on a sufficiently slow time scale to allow for 
rotational resolution [3843]. Generally the spectral linewidths and 
lineshapes are then clearly determined by the rate of autoionisation. 
However, in this work a careful consideration of the linewidths as a 
function of laser power suggests that the autoionisation rates of these states 
are not large enough to have a measurable influence on the linewidths [35]. 
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3.2,3 The [b^S*]3d, [b^£*-J5p, lb^S^}4d, and lb^£*-]4f complexes 
In Figure 10(a-d) the two-photon excitation spectra of the SH radical in the 
energy range between 87 650 - 96 000 cm'* are presented. The spectra 
shown in Figure 10(a-b) are in an energy range above the lowest X^L' 
ionic ground state, but below the a*A excited ionic state. The spectra of 

Figure lO(c-d) correspond to an energy range between the a^Aand 
excited ionic states. TTie top spectrum was obtained using mass-resolved 
ion detection of the SH'*’ fragment. The other spectra were measured by 
monitoring photoelectrons resulting from autoiomsation into the continua 

of the X^L* ionic ground state after two-photon resonant excitation. This 
electron signal was superimposed on the direct ionisation background 
signal due to H 2 S, SH, and atomic sulphur, but was large enough to be 
distinguished from it. From their positions these spectra are assigned in 
order of increasing energy to the [b^£"*]5p, [bfZ''']4d, and 

[biZ'*’]4f complexes [35]. 

In remarkable contrast to aU the previous excitation spectra, the spectra 
in the present energy range show no rotational structure whatsoever. The 
only features that can be distinguished are two subbands Fi and F 2 , which 
arise from the ground-state spin-orbit splitting. Clearly the rate of 
autoionisation into the underlymg ionic continua is so fast that the 
observation of rotational stracture in the excitation spectra is prevented 
[35]. 

Figure 10. Two-[Aoton 
excitation spectra of (a) the 
fb^2*)3<J Rydberg complex of 
SH; (b) the (b>I+]5p Rydbeig 
complex of SH; (c) the 
rb*X*^J4<J Rydberg complex of 
SH; and (d) } the 
Rydberg complex of SH. 

Spectrum (a) was obtained 
using mass-resolved SH* ion 
detecticxi, (1x1) with electron 
detection. (Refxoduced with 
permission from [35], copyright 
1996 American Institute of 
Physics). 
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4. Conclusions 

An extensive two-photon resonant multiphoton ionisation study of the SH 
radical in conjunction with kinetic-energy resolved photoelectron 
spectroscopy and mass-resolved ion detection has revealed 14 new 

Rydberg states which all belong to soies converging upon the a'*A and 

excited ionic states. These states together constitute a very 
convincing example of the abundance of physicd phenomena which can be 
observed and studied in detail in Rydberg states of diatomic molecules. 
Rydberg states both below and above the lowest ionisation threshold are 
detectecT The states below the lowest ionisation threshold usually show 
rotationally resolved excitation spectra which in most cases can be 
analysed, hence providing accurate spectroscopic parameters for these 
Rydberg states. For states above the lowest ionic threshold the situation is 
more complicated. 

The {b''X'*’]4pa 22'*’(v’=0) and [a^A]3d5 2l+(v'=l) Rydberg states 
located below the lowest ionic threshold together form a beautiful 
illustration of the unique power of photoelectron spectroscopy in making 
configuration interaction experimentally visible. To a good approximation 
these two states can be viewed as a strongly interacting pair whose 
photoelectron spectra clearly show the participation of two ionic cores and 
their associated vibrational signature in the wavefunctions of either state, 

A few states with an a'’ A ionic core and overall symmetry show, in 
addition to rotationally resolved excitation spectra, also rotationally 
resolved photoelectron spectra: the [a'*A]3dJt state below and the 

[aMlSpic state above the X^X' threshold. The observed rotationally 
resolved photoelectron spectra show surprising deviations from what is 
expected from simple selection rules, while the rotational ion distribution 
patterns show strimg asymmetries in strong contrast to what is expected 
from a classical descnption. These observations can be explained in great 
detail using sophisticated quantum-chemical calculations. The fact that 
transitions involving a large degree of angular momentum transfer on 
photoionisation are not observed is ascribed to interference between partial 
waves in the outgoing continuum channels. The striking asymmetries in 
rotational ion distributions arise from the large orbital angular momentum 
(A ’=3) of the intermediate states, and the obvious need to describe the 
photoionisation process completely quantum mechanically. 

The Rydberg states above the X^X' threshold fall into two categories 
which show a istinctly different dynamical behaviour. Surprisingly, the 

ones possessing an a'’ A excited ionic core show rotationally resolved 
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excitation spectra. The results for these states indicate that either 
autoionisation into the continua associated with the ground ionic state 
cannot compete with the process in which a third photon is absorbed 
leading to a core-preserving photoionisation process, co" that autoionisation 
is so slow that rotationally resolved excitation spectra can still be observed. 
The observation that conventional photoelectron spectra and ZEKE-PFI 

spectra of the intermediate [a'*A]3dJi ^ state show very similar ion 
distribution intensities in their rotationally resolved photoelectron spectra 
lends strong support to this point of view. For those states with a 
excited ionic core only severely broadened excitation spectra are measured, 
demonstrating the dominance of autoionisation into the underlying 
continua. In addition, the appearance of the excitation spectra of the 

Rydberg states with a core does not seem to depend on whether 

these states are below or above the a'* A excited ionic threshold. The most 
realistic explanation for the overall behaviour of the Rydberg states above 
the lowest ionic limit is found in the involvement of spin-ormt interaction. 

The a‘'A, and ionic states aO derive from the same ... 
configuration. The X^L' and b'’S''' ionic states can interact via off-diagonal 
matrix elements of the spin-orbit Hamiltonian, whereas such matrix 
elements are zero for the interaction between X^Z- and a'* A ionic states, 
Consequendy, Rydberg states built upon a b'*Z'*' core can be viewed as 
having some X^E* ionic character, leading to a relatively strong coupling 
to the autoionisation continua of the X^E* ground ionic state. In contrast, 

on the basis of this mechanism Rydberg states with an a^A ionic core are 
expected to autoionise very slowly at best 
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Abstract 

This article presents a survey of artifacts that can complicate measurements made 
by pulsed-field-ionization zero-kinetic-energy (PFI-ZEKE) photoeleclron spectro- 
scopy and by mass analysed threshold ionization (MATI) spectroscopy. A line 
observed in a PFI-ZEKE spectrum may be the result of a more complex process 
than photoabsorption followed by delayed pulsed field ionization. In addition, it is 
not always straightforward to attribute a PFI-ZEKE or a MATI line to a specific 
molecule. 

1. Introduction 

Most properties of Rydberg states vary rapidly with the principal quantum num- 
ber n, typically as an integer power of n [1, 2]. The classical radius of the electron 
orbit, the period of the orbiting motion, the binding energy, the energy spacing 
between adjacent Rydberg states, the polarizability and the threshold field for 
field ionization scale as n^, and respectively. Representative 

values for these properties at selected values of n are summarized in Table 1. 

The unusual properties of high Rydberg states are at the origin of the suc- 
cess of high resolution photoelectron spectroscopic methods such as pulsed-field- 
ionization zero-kinetic-energy (PFI-ZEKE) photoelectron spectroscopy [3-7] and 
mass-analysed threshold ionization (MATI) spectroscopy [8]. In both techniques, 
the pulsed field ionization yield of high Rydberg states located immediately be- 
low the ionization limits in atoms or molecules is monitored whDe the frequency 
of a suitable light source is scanned across the successive ionization thresholds. 
Provided that one makes a small correction to take into account the fact that the 
high Rydberg states probed experimentally are actually located below the ion- 
ization thresholds, the lines observed in a PFI-ZEKE photoelectron or a MATI 
spectrum can be interpreted as energetic differences between neutral and ionic 
quantum states. The method can thus be used to obtain spectroscopic, dynamical 
and structural information on neutral and ionic species and study the properties 
of chemical species such as radicals, ions and weakly bound molecular complexes 
that are otherwise very difficult to investigate spectroscopically. The main advan- 
tages of these techniques are their high resolution (up to 0.2 cm"^ [9,10]) and 
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T^ble I: Properties of high Rydberg states and their n dependence 
Property n dependence* n = 10 n = 100 n= 1000 

53A 

Rn~^ ilOOcm"^ 

0.15 p8 



Mean radius 
Binding energy 
Period of 
electronic motion 
Spacing between 
adjacent levels 
Polaritability/ 
(MHz cmVV^)^ 
Theshold ionization 
field/ (Vy cm) 



2Rn * 200 cm“^ 

oc 0.2 

a 33000 



0 53 ^m 


53 /xm 


11 cm"' 


0.1 cm"' 


0.15 ns 


0.15 ^ 


0.2 cm"' 


2-10"^ cm 


0.2T0’ 


0.2-10'^ 


3.3 


3.3T0"^ 



*0o and A repreaeDt the Bohr radiua and the Rydberg constant, respectively. 
^Values «xYTapolated from the value of the Na(l04) state [3]. 



their relatively straightforward implementation. 

However, because PFI-ZEKE spectroscopy and MATT spectroscopy rely on 
the pulsed field ionization of very high Rydberg slates, and that high Rydberg 
states are very sensitive to external perturbations such as those induced by elec- 
tromagnetic fields, by neighboring particles, etc., great care has to be taken to 
extract correct and reliable information out of the measured spectra. The present 
review has been conceived as a guide through potential difficulties that may be 
encountered by, and should be known to, expoimenlalists interested in qjplying 
these techniques. It consists of a list of potential artifacts that may influence 
the appearance of the spectra and lead to erroneous conclusions. Are these diffi- 
culties ignored, and the corresponding artifacts disregarded, the interpretation of 
PFI-ZEKE and MATI spectra may be impacted. 

Particularly dangerous for the interpretation of the spectra are the following 
situations: 

• A line observed in a PFI-ZEKE or MATI spectrum does not originate from 
the field ionization of high Rydberg states located in the field ionization win- 
dow (see Subsections 5.3, 5.4 and 5.5). In this case one may draw erroneous 
conclusions on the energy level structure of the ion investigated. 

• The ion released in the field ionization process does not possess the same 
mass as the neutral molecule that was originally excited to a high Rydberg 
state (see Subsections 4.3, 5.2, 5.4). In this case one may attribute the line 
to the wrong carrier. 

• A PFI-ZEKE or MATI line shape has a substructure (see subections 4.1, 4.2 
and 5.3). One may then try to assign several transitions to what actually is 
only one photoelectronic transition. 

• The magnitude and shape of the electric fields that are actually applied 
experimentally may differ from what the experimentalist thinks they are (see 
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Subsections 3.2, 3.3, 3.4 and 5.1). Alternatively, the field ionization behavior 
may deviate from the expectations of the experimentalist (see Subsection 
4.4). In both cases, incorrect ionization potentials may be derived. 

We have classified artifacts into three groups. Section 3 lists artifacts that 
may result from an insufficient characterization of electric fields present in the 
experimental volume. Section 4 describes potential errors that can occur if channel 
interactions between high Rydberg states are not carefully considered. Finally, 
Section 5 summarizes the artifacts that can result from the interaction of high 
Rydberg states with neighboring particles. 

Most of the artifacts discussed here have been encountered by, and are well 
known to, experts in PFI-ZEKE spectroscopy. Once they have been overcome, 
artifacts tend to represent a source ofembarrassement rather than a source of pride 
for the experimentalist. Consequently, they are usually not described extensively 
in the literature. In the present article we try to fill this gap in the hope that our 
effort will assist future users of PFI-ZEKE spectroscopy and MATI spectroscopy. 
We would not have attempted this task had we not believed that PFI-ZEKE 
spectroscopy is a useful tool that can be used in almost all areas of chemistry. 

2. The Shape of PFI-ZEKE Lines 

The shape and intensity of a line in a PFI-ZEKE photoelectron spectrum (called a 
”ZEKE line” in the remainder of this article) depend on experimental parameters 
such as the magnitude and shape of the pulsed electric field used to field ionize the 
high Rydberg states and extract the electrons toward the detection system, the 
delay time between photoexcitation and pulsed field ionization, the magnitude of 
stray or intentionally applied electric and magnetic fields, the characteristics of the 
radiation field used to induce the optical transition to the high Rydberg states, 
the velocity distribution and the temperature of the gas sample, the density of 
ionic and dipolar species in the experimental volume, etc. 

The shape of a ZEKE line also depends on the intrinsic properties of the 
molecular Rydberg series that are probed, particularly on the quantum defects 
of the penetrating low-/ Rydberg series {nonpenetrating high-/ Rydberg series 
have vanishing quantum defects and do not undergo rapid decay processes), the 
interaction between Rydberg series converging on different ionic states and on 
their propensity to predissociate and/or autoionize. Because predissociation and 
autoionization necessitate a close encounter between the Rydberg electron and 
the ionic core, autoionization and predissociation rates strongly depend on the 
principal quantum number n and on the orbital angular momentum quantum 
number /. In the absence of external perturbations, the lifetimes of Rydberg 
states scale as for low-/ states and can be regarded as infinite on the time scale 
of a PFI-ZEKE experiment («s 1 pts) for nonpenetrating high-/ Rydberg states. 

The complex interplay between intrinsic properties of molecular Rydberg se- 
ries and external perturbations may also affect the shape of ZEKE lines. This 
interplay has its origin in the fact that external perturbations tend to change 
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the («,/) quantum numbers of the states prepared optically or to induce per- 
turbative mixing of these stales with neighboring states. Particularly important 
in PFI-ZEKE spectroscopy is the perturbative mixing of the optically accessible 
short-lived low-/ Rydberg states with neighboring long-lived nonpenetraling high-/ 
stales. This mixing leads to a considerable elongation of the lifetimes of high Ry- 
dberg states and renders the observation of delayed pulsed field ionization signals 
in molecular systems possible [11—18]. Because of their energetic proximity with 
the non-penetrating high-/ states, low-/ Rydberg states with near-integer quantum 
defects are particularly easily stabilized by perturbative mixing. 

Several simple rules can be used to rapidly gain a qualitative understanding of 
the spectral line shapes observed in PFI-ZEKE spectra. 

1. Because low Rydberg slates decay much faster than high Rydberg states, 
one does not usually observe the field ionization of states with principal 
quantum number much below n as 150 in PFI-ZEKE spectra, unless the 
Rydberg states are severely perturbed or very easily stabilized by external 
perturbations. 

2. The magnitude F of the pulsed electric field used to cany out the field 
ionization can ionize Rydberg states that have survived the delay time and 
lie energetically between the field-free ioni zation poten tial IP and approx- 
imately IP - A/P where A/P/cm’^ « 4\/P/(V/cm), a region called the 
field ionization window in the remainder of this article. 

3. Rydberg states are not resolved at the high-« values probed in PFI-ZEKE 
experiments (See however Ref. [19] for an exception) and the intensity varies 
smoothly as the frequency of the light source is scanned across the field 
ionization window. 

4. An intentionally applied or stray electric field of magnitude Fjc prevents the 
observation of the highest Rydberg states located between the field-free ion- 
ization potential IP and IP - A/P where A/P/cm"^ = 6.1v'Fdc/{V/cm)- 
The field ionization window becomes narrower from the high frequency side. 

Often, however, the shapes and positions of lines observed in PFI-ZEKE and MATl 
spectra deviate from what is expected from these simple rules. 

A more rigorous discussion of the field ionization properties of Rydberg states 
can be found in Refs. [I, 2]. The role of different field ionization mechanisms in 
PFI-ZEKE spectroscopy has been described in Refs. [II, 20] and the importance of 
channel interactions in PFI-ZEKE spectroscopy has been reviewed in Refs. [5, 21]. 

3. Artifacts caused by an insufficient characterization of electric fields 

The last two lines in Table 1 reveal the very high sensitivity of high Rydberg 
slates to electric fields. This sensitivity makes it necessary to attempt as careful 
a characterization of electric fields present in a PFI-ZEKE apparatus as possible. 
Inadequate determination of dc and pulsed electric fields may result in erroneous 
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conclusions on the dynamical properties of high Rydberg states and in the deter- 
mination of inaccurate ionization potentials. A certain tendency exists to attribute 
all surprising and undesirable experimental observations made by PFI-ZEKE spec- 
troscopy to stray fields. Stray fields being an undefined quantity, this attitude has 
simultaneously the advantage of being general enough not to be incorrect and the 
disadvantage of not being particularly instructive. For PFI-ZEKE spectroscopy 
and MATI spectroscopy to establish themselves as reliable experimental methods, 
it will become increasingly important to invest efforts in the measurements of stray 
fields. 

3.1. POSSIBLE SOURCES OF STRAY HELDS 

Because high Rydberg slates are so sensitive to electric fields a very convenient 
way to measure them is by using the Rydberg states themselves as electric field 
sensors, and several methods to measure electric fields rely on the unusual prop- 
erties of high Rydberg slates [19, 22, 23]. Once stray fields are measured, active 
steps can be taken to compensate them, to clarify their origin and modify the 
experimental design. 

We have recently undertaken systematic studies of stray electric fields in our 
PFI-ZEKE apparatus. These studies rely on the measurements of stray fields from 
very high resolution (250 kHz) spectroscopic determination of Stark shifts induced 
by electric fields in high Rydberg states. We were surprised to realise that once a 
diagnostic tool is available, stray electric fields can be reduced and maintained at 
values significantly below 1 mV/cm without much effort [19,24]. The remainder 
of this subsection summarizes briefly our main observations. 

Stray fields can be divided into two categories depending on whether their 
source is located outside or inside the experimental volume where photoexcitation 
and PFI take place. The former type of stray fields have an almost homogeneous 
distribution in the usually small (typically less than 10 nun^) photoexcitation 
region in a PFI-ZEKE experiment, whereas the latter type of stray fields are 
strongly inhomogeneous. The homogeneous stray fields can be much more easily 
compensated than the inhomogeneous stray fields. 

Important sources of homogeneous stray fields come from charge accumulation 
on insulators or on pump-oil droplets located on the surfaces that surround the 
photoexcitation region, from rest potentials on the metallic plates used to apply 
the pulsed fields, from potential fluctuations in the circuitry (mostly originating 
from mains). Most of these sources can be suppressed by simple design modifica- 
tion (large exiiaction regions enable PFI-ZEKE experiments to be carried out far 
away, typically a few centimeters, from any metallic plale; suitably placed metal- 
lic shields can completely hide insulators), by using oil-free pumping systems, by 
synchronizing the experimenls to the mains cycles. Magnetic shielding is also nec- 
essary, not only to reduce stray magnetic fields, but also to avoid motional electric 
fields. 

The main sources of inhomogeneous electric fields are ions and other Rydberg 
slates that are generated during the experiment and dipolar molecules in the gas 
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sample. These fields only be minimized at the expense of the magnitude of 
PFI-ZEKE signals by reducing the laser intensities and the gas densities. 

3.2. SHIFT OF IONIZATION THRESHOLDS 

Even a small electric stray field Fg induces significant shifts A/Pu^ the ionization 
thresh olds. These shifts can be evaluated (expressed in cm they amount to 
6-12\/F,/(V/cin)) if the magnitude of the stray field is known. Unfortunately, 
stray fields are usually poorly characterized, and often only an upper bound of the 
magnitude of the stray field can be given. For instance, if a stray field is known to 
be less than 50 mV/cm (an upper bound that is given by many experimentalists) 
the value of the field induced shift of the ionization thresholds can lie anywhere be- 
tween 0 and 1.4 cm” ^ In this case, it is dangerous to indicate an error bar on the 
ionization potentials of less than 1.4 Often, however, ionization potentials 

derived from PFI-ZEKE measurements are reported with surprisingly small error 
bars, even when the stray fields have not been characterized and the rotational 
structure in the PFI-ZEKE spectrum has not been fully resolved. 

3.3. DISAPPEARANCE OF THE PR-ZEKE AND MATI SIGNALS 

Many PFI-ZEKE spectroscopists may have experienced the complete disappear- 
ance of all ZEKE signals for extended periods of time, usually following the in- 
troduction of a modification in the design of the pulsed field ionization region. A 
complete loss of signal is likely to be caused by a large stray field, and the large 
stray field is itself likely to have its origin in chaige accumulation on an insulator 
(for instance, a piece of teflon) located nearby. 

Homogeneous dc electric fields greater than 1 V/cm cause a considerable re- 
duction of PFI-ZEKE signals [12,13,25]. Such fields prevent, on the one hand, 
the formation of the highest n states that are most able to survive the delay time 
between photoexcitation and pulsed field ionization. On the other hand, they in- 
hibit the stabilization of lower Rydberg states by m/ mixing processes [13,14]. 

3.4. PULSE DISTORTION CAUSED BY INADEQUATE IMPEDANCE MATCH- 
ING AND BY PARASITIC LC ELEMENTS 

The nominal value of the magnitude of the pulsed electric field, as read from 
the pulsed voltage supply, may differ from the value of the pulsed voltage that 
is actually applied across the plates surrounding the photoexcitation region. In 
many experiments, 50 (I systems are used. Perfect impedance matching between 
the source of the pulsed voltage and the extraction plates is difficult to realize. If 
it is not achieved, the pulse is reflected back and forth along the cables and starts 
"ringing'*, i.e., an oscillating amplitude superposes itself on the constant value of 
the pulse. The ringing amplitude, which can be as large as the pulse itself in the 
case of severe impedance mismatch and unfavorable cable lengths, is difficult to 
suppress entirely. 
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Id situations where Large amplitude pulses are applied, it is more advantageous 
to use high impedance systems. In this case, slow ringing can be caused by parasitic 
LC elements in the circuitry which are excited by the pulse. As an example, Figure 
la represents the shape of a pulsed electric field with a nominal value of 681 V/cm 
as measured directly on the experimental plates surrounding the photoexcitation 
region in our PFI-ZEKE apparatus [26]. The ringing amplitude (represented on a 
magnified scale in Figure lb) amounts to ts 4.5 %of the pulse amplitude. 
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Figure 1: (a) Shape ofa681 V/cm pulsed electric field measured directly at the 
extraction plates, (b) Detail of the same pulse showing the ringing of the pulse 
amplitude, (c) Comparison between the temporal fluctuations of the electric field 
strength (dotted line) of a 715 V/cm pulsed field and the electron time of flight 
spectra (full line) following PFI of an n = 29 Rydberg stale of argon, showing a 
strong correlation between electric field strength and field ionization rates. The 
vertical scale of panel (c) is in V/cm for the pulsed field and in arbitrary units 
for the electron signal. The electron time-of-flight spectrum as been shifted along 
the vertical axis for the comparison, (from: Merkt, F., Osterwalder, A., Seiler, R., 
Signorell, R., Palm, H., Schmutz, H. and Gunzinger, R. (1998) J. Phys. B: At. 
Mol Opt. Phys., 31 1705-1724). 

The effects of the ringing on the outcome of PFI-ZEKE experiments can be 
considerable. First, the maximum value reached by the electric field, and hence 
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the width of the PFI detection window, is typically larger than expected from the 
nominal value indicated by the voltage supply. If the effect of the ringing is over- 
looked, incorrect conclusions may be drawn regarding the pulsed field ionization 
mechanism (The width of the pulsed field ionization window amounts to 4\/F 
if the field ionization occurs diabaticaDy, but to as 6>/F if it occurs adiabatic ally 
(see Refs. [2, 11, 20, 54] for additional details)). Alternatively, the field induced 
correction of the ionization thresholds may lead to systematically too low values 
for the ionization potentials. The oscillating amplitude of the pulsed field can also 
strongly influence the field ionization rates of Rydberg states and lead to the ob- 
servation of recurrent field ionization signals in the electron lime-of-flight spectra 
(see Figure Ic) which could be wrongly attributed to interesting new effects in the 
field ionization dynamics of high Rybderg states. 

4. Difficulties originating from inlierent properties of molecular Ryd- 
berg states 

Studies of molecular systems excited in high Rydberg slates are complicated by 
the high spectral density at high values of n and the complex dynamical behavior 
of these states. A complete set of Rydberg series (corresponding to all possible 
values of the orbital angular momentum quantum number /) converge on each 
rovibronic energy level of molecular ions (See Figure Ic of Ref [20]). Moreover, 
the different channels (a channel consists of a given Rydberg series, characterized 
by the value of I and by the quantum numbers of the ionic state to which the series 
converges, and the ionization continuum above the series limit) interact with each 
other. The channel interactions lead to energy level shifts if it takes place between 
bound channels or to autoionization and pre^ssociation if it takes place between 
a bound channel and open ionization or dissociation channels (see Figure 4.1. of 
Ref [5]). 

The next subsections summarize difficulties in the interpretation of PFI-ZEKE 
and MATI spectra caused by channel interactions. The role of channel inter- 
actions in PFI-ZEKE spectroscopy has been investigated in a series of detailed 
experimental and theoretical studies by Softley and co workers [27-33]. 

Window resonances (Subsection 4.1) and autoionization resonances (Subsection 
4.2) both result from the interaction between a continuum, or a pseudo-continuum 
of high Rydberg states associated with a given ion energy level, and a discrete per- 
turbing state, usually a lower Rydberg state converging on a higher ionic energy 
level. Such interactions are well known in molecular photoionization [34] and are 
successfully analyzed in the framework erf multichannel quantum defect theory [35]. 

4.1 SUBSTRUCTURE RESULTING FROM WINDOW RESONANCES 

When the oscillator strength of the transition to the perturbing state is vanish- 
ing compared to the oscillator strength for excitation to the continuum, or to the 
pseudo- continuum of high Rydberg states, a dip, called a window resonance, is 
observed in the absorption, photoionization or PFI-ZEKE spectrum near the po- 
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sition of the perturbing level. Because of this dip, a PFI-ZEKE transition displays 
a substructure and may incorrectly be interpreted as two separate photoelectronic 
transitions. Window resonances have so far only been observed in the PFI-ZEKE 
photoelectron spectra of small molecular systems [27, 31]. 

Figure 2 shows a window resonance observed in the X = 0, J » 0) ^ 

X = 0) photoelectronic transition of Hj. This window resonance 

results from the interaction between the 26p{ J » 1) Rydberg slate associated with 
the = 0, N'*' = 2 state of and the pseudo-continuum of high Rydberg states 
located just below the u**" = 0,^"^ = 0 ionic state [27]. The intensity and the shape 
of this PFI-ZEKE line, and of other lines oberved in the PFI-ZEKE spectrum of 
has been reproduced in multichannel quantum defect theory calculations [30]. 




wav6 number/ cm*' 



Figure 2: Window resonance oberved in the PFI-ZEKE spectrum of the 

X « 0> J » 0) -4 X s 0, N"*" = 0) photoelectronic transition of 

recorded with a pulsed electric field of 12 V/cm. The resonance results from the 
interaction between the 2^(i7 = 1) Rydberg state associated with ss 0, =2 

stale of and the pseudo-continuum of high Rydberg states located just below 
ihe v+ = = 0 state, (from: Merkt, F. and Softley, T.P. (1992) J.Chem. 

Phys. 96, 4149-4156). 

Had the spectroscopic properties of the ground state of the ion and of high 

Rydberg states state of not been known in detail [36\ before the measurement 
of the PFI-ZEKE spectrum, one might have been tempted to look for another as- 
signment of the doublet structure in Figure 2, and draw incorrect conclusions on 
the energy level structure of the ion. The Rydberg and photionization spectra of 
very few molecular systems have been studied as thoroughly as those of molecular 
hydrogen. Splittings of PFI-ZEKE transition caused by window resonances may 
therefore not be as easy to recognize in other molecular systems. 

4.2 SUBSTRUCTURE RESULTING FROM AUTOIONIZATION UNES 

When the oscillator strength of the transition to the continuum or the pseudo- 
continuum of high Rydberg states is very weak, but that of the transition to the 
perturbing level is strong, a sharp line is observed in the absorption, photoioniza- 
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Figure 3: The upper spectrum represents the PFI-ZEKE spectrum of the 

X =iOyJ) X ^SJ(v*** = O^iV+j photoelectTon specirum of jet-cooled Nj. 

The spectrum was recorded with a pulsed field of 0.53 V/cm and shows transitions, 
labeled ( J — N**"), between rotational levels J of the ground neutral state and rota- 
tional levels N'*' of the ionic state. The (2-0) and (3-1) transitions show substruc- 
ture caused by channel interactions between n = $9— 97p( J = 1) [n = 73— 75p( J = 
1)] Rydberg states converging on the v'*' = 0, » 2 = 0, N"*" = 3] state of 

and the very high-« Rydberg states located in the PFI detection window below the 
= 0, = 0 [!/■*■ = 0^^'*' = 1] ionic state. The lower spectrum shows in detail 

the substructure of the X *£J'(v - 0^ J = 2} -4 X = 0, iV"** = 0) PH- 

ZEKE line with assignment of the perturbing Rydberg levels, (from: Osterwalder, 
A. (1998) Diplomarbeit, ETH-Zurich) 
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tion or PFI-ZEKE spectrum at the position of the perturbing level. 

If the interaction takes place between channels associated with closely spaced 
ionic energy levels such as neighboring rotational levels, several perturbing states 
can lie within the PFI-ZEKE detection window. In this case, a PFI-ZEKE line 
corresponding to a single photoelectronic transition artificially splits into several 
components. Such a situation is encountered, for instance in the = = 

2) X = 0,iV+ =0) and theX 'i:+(v = 0,/ = 3) ^ X 2s+(v+ = 

0, iV**" s 1) lines of the PFI-ZEKE photoelectron spectrum of N 2 displayed in 
Figure 3 [24]. The spectrum was recorded with a pulsed electric field of 0.53 
V/cm. The s 0. J = 2) X - QyN* = 0} PFI-ZEKE 

line reveals a regular progression of 9 lines which correspond to transitions to 
n = 89 — 97p(J ss 1) perturbing Rydberg states converging on the s 0^ N"** = 2 
state of Nj and which are coupled to the very high-« Rydberg states located in 
the PFl detection window below the = 0 ionic state. The X = 

0, J a 3) X = 1) PFI-ZEKE line shows only three perturbing 

Rydberg states in the field ionization window because the energetic separation 
between the ^ 3 and the = 1 ionic states is larger than that between 
the N'*' = 2 and the = 0 ionic states. As a result lower Rydberg states are 
involved in the channel interaction. 



The extensive substructure observed in these PFI-ZEKE lines could pose real 
problems in the interpretation of the PFI-ZEKE spectrum of a molecule less well- 
known than N 5 , particularly if the substructures associated with neighboring lines 
start overlapping. In the case of Nj, the assignment of the substructure is greatly 
facilitated by previous detailed investigation of the spectroscopic and dynamical 
properties of N 2 Rydberg states [28,37, 38]. 

If the interaction takes place between channels associated with ionic states that 
are located further apart than in the previous example, there may be only one, or 
even no, perturbing level located within the PFI-ZEKE detection window. The 
intensity distribution in the PFI-ZEKE spectrum then becomes very irregular (see 
for instance Figure 1 of Ref. [28]). Because any position within the PFI-ZEKE 
detection window can be enhanced by a channel interaction, some PFI-ZEKE lines 
may be distorted on the high, others on the low frequency side. The unfortunate 
consequence for PFI-ZEKE and MATl spectroscopies is that line positions, and 
hence ionic energy levels, cannot be determined more precisely than the full width 
of the PFI-ZEKE detection window, regardless of the signal-to-noise ratio reached 
in the measurement. In other spectroscopic methods, line positions can be located 
to within a fraction of the full width at half maximum provided that the statistics 
of the measurement is high enough. 

Perturbations of line intensities such as that illustrated in Figure 3 are very 
widespread in PFI-ZEKE spectroscopy [5, 21] and do not only affect the spectra 
of diatomic molecules but also those of larger polyatomic molecules [33]. 



4.3 PREDISSOCIATTVE IONIC STATES 



Any ionic state of a molecule AB*^ can predissociate if it is located above the first 
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dissocialion limit of the ion. Because the high Rydberg states probed by PFl- 
ZEKE spectroscopy are almost completely decoupled from the positively chaiged 
ion core, core predissociation in a high Rydberg state AB*{n} occurs without sig- 
nificantly altering the electron orbit; the Rydberg electron follows the charged 
fragment according to Equation (I) 

AB*(n) -f A + B*(n), (!) 

After the core dissociation has taken place, (he delayed pulsed field causes the field 
ionization of the B*(n) fragment and the ion B‘‘‘is delected although photoexcita- 
tion originally formed a Rydberg state of molecule AB. The spectral signature of 
the AB molecule is thus registered at the mass of the fragment B, and some lines 
in the MATT spectrum may be attributed to the wrong carrier (see Subsection 5.2 
for further complications). To avoid errors, it is useful to record the MATI ion 
signals at as many different masses as possible. 

When the dissociation process (!) is interpreted conectly, precious information 
can be extracted on the position of the dissociation thresholds of molecular ions as 
has been demonstrated by Neusser and coworkers in detailed MATI studies of van 
der Waals complexes [39^2]. If the molecular ion predissociates rapidly, informa- 
tion on the rate of dissociation can be extracted from the width of the PFI-ZEKE 
lines as has been shown by Mank ei al. in a study of the HBr*^ 4 s 1 “ 3) 

states [43]. 

4.4 LIFETIME EFFECTS 

The decay processes that affect the lifetimes of Rydberg slates vary rapidly from 
channel to channel. Rydberg series converging on different rovibronic energy levels 
of molecular ions may be subject to different predissociation and autoionization 
processes. For example, the Rydberg series converging on the lowest energy state 
of an ion can only decay by fluorescence or predissociation because autoionization 
is energetically forbidden. Rydberg states of comparable w values, but located be- 
low different ionic slates, may therefore decay at very different rates. As a result, 
the width and the intensity of PFI-ZEKE lines depend, to some extent at least, 
on the efficiency of the decay processes and can vary from one ionization thresh- 
old to the next. One must therefore not attempt to assign PFI-ZEKE or MATI 
spectra starting with the assumption that all transitions are characterized by the 
same width and possess intensities that reflect Franck-Condon factors between 
neutral and ionic states (See also Subsections 4.1 and 4.2, where other processes 
are discussed which can strongly influence the width and intensity of PFI-ZEKE 
lines). 

Because of the dependence of line shapes and widths on the efficiency of the 
decay processes, one cannot be certain that the same field ionization pulse will 
yield the same line width in PFI-ZEKE spectra of different molecules. Attempts 
at calibrating the PFI-ZEKE spectrum of a molecule by making reference to the 
PFI-ZEKE spectrum of another molecule, or an atom, recorded under identical 
conditions may result in systematic errors. Such errors can be recognized and 
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avoided if the PFI-ZEKE spectra of the sample and the reference species are 
recorded at several different values of the pulsed fields. The field dependent shift 
of the spectra may then be used to assess the magnitude of possible deviations. 

5. Artifacts resulting from interactions between high Rydberg states 
and neighboring particles 

5.1 SHUT OF THE IONIZATION THRESHOLDS TO LOWER ENERGIES 

When high ion concentrations are produced in the experimental volume simul- 
taneously with the high Rydberg slates, the highest Rydberg stales are unlikely 
to survive the time delay separating photoexcitation from pulsed field ionization. 
The lower Rydberg slates, however, are stabilized by the I and m/ mixing processes 
induced by the interaction with the ions [I I, 14, 15, 18,44]. The shape of a PFI- 
ZEKE line is modified in two respects. First, the blue edge of the line is shifted 
toward lower frequencies, because of the shortened lifetimes of the highest Rydberg 
slates. Second, low-n Rydberg stales that would not have survived the delay lime 
in the absence of ions can contribute to the PFI signal: The red edge of the ZEKE 
line is also shifted toward lower frequencies. The ion density dependent shifts of 
ZEKE lines must be taken into account in order to avoid incorrect extraction of 
ionization potentials. 

An additional complication may arise from the fact that ion concentrations 
increase as the frequency of the radiation is scanned across successive ionization 
thresholds. Different lines in PFI-ZEKE spectra may thus be shifted by different 
amounts. Consequently, the measurements of relative ionic energy levels may also 
become unreliable. 

Our experience is that substantial line shifts can be avoided if the ion con- 
centrations are controlled and kept below 10® ions/cm The monitoring of ion 
concentration is unfortunately not an easy task (see Subsection 5.2). 

5.2. RYDBERG ELECTRON TRANSFER 

When an atomic or a molecular Rydberg state Mi(ni) prepared optically in a 
stale with principal quantum number m is located in the immediate vicinity of, 
or collides with, a particle with a laige electron affinity (e.g., SFq)ot a positively 
charged ion Mj,lhe Rydberg electron may be transferred from the originally pre- 
pared state. In the first case, a negative ion is formed (SFg )that can subsequently 
be detected [23,45,46). In the second case, the formation of another Rydberg slate 
M 2 (n 2 ), characterized by principal quantum number 712 , results from the electron 
transfer. 

In general, this latter process does not favor large changes in «, i.e., m ns, 
but is characterized by very large cross sections [2, 47, 48]. Because of the approxi- 
mate conservation of n, charge transfer from a Rydberg state Mi (ni) located in the 
field ionization window results predominantly in the formation of Rydberg states 
M 2 (« 2 ) ^ located in the field ionization window. If the field ionization 
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pulse is applied after the electron transfer from Mi to Mq has taken place, an ion 
Mj is detected in a MATl spectrum although photoexcitation initially prepared 
a Rydberg states of molecule Mi. The field ionization spectrum thus reveals the 
spectral information of molecule Mj at the mass of molecule . Some lines in 
the MATI spectrum may therefore be attributed to the wrong carrier. 

Alt €t al. [47,49, 50] have investigated the implications of this process for PFI- 
ZEKE and MATI spectroscopy in a study of charge transfer between high Rydberg 
states of CeHc and CeD^ ions (see Figure 4). Despite the very large cross sections 
estimated theoretically [47,48], the yield of the tranfer process at the end of the 12 
/is long measurement was measured to be only « 3 %at a CeDj’ion concentration 
of 4000 ions/mm^. Alt et al. therefore concluded that the interference of charge 
transfer processes can be made negligible under realistic experimental conditions 
[47], a conclusion that is conect but which presupposes experimental care. 




Hsmber/eni*’ 



Figure 4: MATI spectra recorded at the masses of CaHe ^d CeDe ^ ^ function 
of the wave number of the third laser in a three-laser experiment. The first two 
lasers pumped, at fixed frequency, the S\ intermediate state of CeHe O^De^ 
respectively. The third iosex was scanned through the ionization threshold of 
CeHe and was thus always above the ionization threshold of C^De* CeDt i<>t^ 
produced initially was removed by a small dc electric field so that no CeD^ ion 
could be observed when the laser which pumps the Si intermediate state of CgHg 
was turned off. All CeDj ions detected were therefore produced by charge transfer 
from a CeHg Rydberg state followed by delayed (12 ^s) pulsed field ionization. The 
intensity of the CeDg ion signal was multiphed by a factor of 40. The narrower line 
shape of the C$D^ MATI line indicates that the efficiency of the charge transfer 
process increases with n (from: Alt, C.E., Scherzer, W.G., Selzle, H.L., Schlag, 
E.W., Baranov L.Ya. and Levine, R.D. (1995) J. Phys. Chcm, 99, 1660-65). 



Electron transfer processes can occur to any ionic species in the experimental 
volume. Minimizing ion concentrations so as to render charge transfer processes 
negligible involves regular monitoring of the concentrations of all ionic species 
that may be formed in the gas mixture. This task may become cumbersome when 
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the molecules studied by MATl spectroscopy only represent a minute fraction of 
all molecules in the experimental volume, as is inevitably the case in studies of 
reactive intermediates, radicals, melastable states, van der Waals complexes, etc. 
Indeed, it is difficult to ensure, at all wavelengths of the scan, that none of the 
major constituents of the gas mixture is efficiently ionized. 

The likelihood of unwanted charge transfer processes is enhanced in the study 
of weakly bound van der Waals complexes because the ionization thresholds of 
the complexes are usually located energetically in the vicinity of the ionization 
thresholds of the monomers. Van der Waals complexes represent only a very small 
fraction (at most 1%, usually less) of all particles in the molecular beams in which 
they are formed, which consist predominantly of the monomers and the canier 
gas. It suffices that one of the monomers, or the carrier gas, is easily ionized for 
large concentrations of ions to be produced. Charge transfer from Rydberg states 
of the weakly bound conr^lex to the monomer ions may thus cause false MATE 
signals at the monomer mass, which may either be incorrectly interpreted as a 
photoelectronic transition of the monomer, or worse, as a fragmentation of the 
ion core in the Rydberg states of the weakly bound complex (see Subsection 4.3). 
Alternatively, large concentrations of monomer Rydberg states may be created, 
from which electron transfer to the complex ion may occur and create a false 
MATl signal at the mass of the complex. 

Avoiding possible artifacts originating from electron transfer processes may ne- 
cessitate separate pulsed field ionization and photoionization studies of the main 
constituents of the gas mixture, a systematic variation of the concentration of 
selected constituents, the simultaneous monitoring of ion signals at all masses, a 
careful variation of dc and pulsed electric fields, etc. 

5.3. n-CHANGING COLLISIONS 

When an n- changing collision takes place between an optically prepared low-n 
Rydberg state and another atom or molecule present in the photoexcitation re- 
gion, the low-n Rydberg state can be converted into a high-n Rydberg state that is 
located in the field ionization window. This slate will subsetjuently be detected by 
delayed pulsed field ionization in a PFI-ZEKE or MATl experiment, even though 
the magnitude of (he pulsed field is insufficient to field ionize the optically prepared 
low-n state. A line thus appears in the PFI-ZEKE spectrum at the frequency of 
the transition to the low-n state. This line, which may even be caused by another 
atomic or molecular species than the one under investigation, must obviously not 
be interpreted as a photoelectronic transition. 

n -changing processes induced by collisions between Rydberg stales and atoms 
and molecules have been reviewed in Chapter 11 of Ref. [2] and in Refs. [51-54]. 
n-changing collisions with rare gas atoms are characterized by small cross sections 
and cause only small changes in n. Collisions with molecules have higher cross 
sections and induce larger changes in n. Of particular significance for PFI-ZEKE 
spectroscopy are collisions with molecules possessing a permanent dipole moment, 
such as HCl or HF [45,55], because the long-range nature of the electron-dipole 
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interaction renders such collisions particularly efficient. Moreover, the coUisional 
processes are often dominated by rotational to electronic energy transfer processes 
which facilitate the production of high-n states. Little is known on rotational to 
electronic energy transfer between Rydberg states and molecular ions, and such 
processes may also be important in the context of PFI-ZEKE spectroscopy. 

The first observation of /i-changing collisions in PFI-ZEKE spectroscopy was 
made by Bahatt et al. [56\ who measured a long progression of transitions to Ry- 
dberg states, starting at n = 24, in the PFI-ZEKE photoelectron spectrum of the 
mercury atom (see Figure 5). Bahatt et al used a pulsed field of 10 V/cm which 
cannot field ionize Rydberg states below n « 75, and attributed the observation 
of low Rydberg states in their spectrum to w-changing processes converting the 
low-n states into high n states. By analysing the dependence of the PFI-ZEKE 
signal on the delay time and examining the role played by several carrier gases 
(He, Ne, Ar), Bahatt et al. could conclude that the n -changing processes were in- 
duced by collisions of the mercury Rydberg slates with the background gas. One 
could suppose from the above discussion that water molecules in the background 
gas may have played a role. 
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Figure 5: PFI-ZEKE spectrum of the mercury atom recorded in a magnetic bottle 
photoelectron spectrometer using a delayed pulsed field of 10 V/cm. The spectrum 
shows a long progression of transition to Rydberg state of the mercury atom. These 
transitions are observed in the PFI-ZEKE spectrum as a result of n-changing 
collisions (from: Bahatt, D., Chesnovsky, 0. and Even, U. (1994) Z Phys. Chem. 
184, 253-264). 

Even etal [57] observed Rydberg states of DAB CO (1,4 diaza-bicyclo [2,2,2] oct- 
ane) at n values as low as 45 in a PFI-ZEKE spectrum recorded with a pulsed 
field of 30 V/cm, an observation that probably also has its origin in /i-changing 
collisions. 

More recently, Softley et al. [58] observed a long progression of Rydberg states. 
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Starting at n « 20, of the Hj molecule in a MATI spectrum recorded with a pulsed 
field 10 V/cm following (2+1') resonance-enhanced multipholon absorption via 
the E,F 'Sj* = 0} state of Hj. They demonstrated a very strong correlation 
between w-changing processes and ion concentrations. As the tightness of the laser 
focus and the concentration of the Hj ions increased, n-changing collisions, which 
were negligible at the lowest intensities, became progressively more invasive. 

The contribution of n changing collisions to a PFI-ZEKE spectrum can be 
recognized easily and is betrayed by the appearance of extensive Rydberg series. 
The process can however be overlooked if a PFI-ZEKE spectrum is recorded over 
too narrow a spectral range for an easy identification of Rydberg series to be made. 
One must also keep in mind that n-changing collisions can affect other atoms and 
molecules in the gas mixture than the one studied by PFI-ZEKE spectroscopy. 

5.4. COLLISIONAL IONIZATION AND ASSOCIATIVE IONIZATION 

Collisional ionization [2, 59] (Equation (2)) and associative ionization [60, 61] 
(Equation (3)) of Rydberg states have been studied extensively, experimentally 
and theoretically. Both processes are regularly encountered in atomic and molec- 
ular pholoionization experiments [60-62]. 



Ml (n) + Mj Ml" + Mj + e 


(2) 


Mi(n) +Ma “4 MiMj" + e“ 


(3) 



Unlike electron transfer processes and n changing collisions, collisional and 
associative ionization processes do not lead to the formation of high Rydberg states 
that can subsequently be detected by delayed PFI. The p>rocesses can nevertheless 
contribute to PFI-ZEKE spectra as was demonstrated in recent studies on rare 
gas dimers [63-65]. Figure 6 shows the PFI-ZEKE photoeleclron spectrum of 
the A = 0) -4 C transition of Kr^. Next to the three PFI-ZEKE 

lines that can be assigned to transitions to the v* = 0, 1 and 2 levels of the 
C ^**2 ) spectrum reveals a sales of sharp and intense lines, 

the positions of which correspond to optical transitions between the ground *So 
and nd(3/2](J = 1) and ns[3/2|(/ = 1) Rydberg states of the krypton monomer. 

The electrons detected in the PFI-ZEKE spectrum at the position of these 
sharp lines are released by collisional and/or associative ionization. Indeed, pro- 
cesses (2) and (3) release slow electrons continuously between photoexcitation and 
the application of the pulsed field. The pulsed electric field extracts the electrons 
that have been produced just before its application and hence have not had the 
time to escape the experimental volume yet. The strength of the monomer ioniza- 
tion lines in the PFI-ZEKE spectrum of the dimer follows from the dominance of 
the Kr monomer in the gas expansion and from the large oscillator of the atomic 
transitions. 

Artifact lines caused by collisional and associative ionization are likely to be 
observed in the PFI-ZEKE spectra of van der Waals clusters or in cases where 
the sample gas is strongly diluted in a carrier gas. Collisional and associative 
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Figure 6: Comparison of the PFI-ZEKE spectrum of the X = 0) 

C ^Il 3 / 2 u(v'*’ =0 — 2) transition of Krj recorded using a delayed pulsed field 
of 0.175 V/cm and a dc discrimination field of 35 mV/cm (upper trace) and a 
Rydberg spectrum of the argon atom (low^ trace). In addition to the X = 
0) C ^ri 3 / 2 ^(v''' ^0 — 2) transitions, the PFI-ZEKE spectrum shows long pro- 
gressions of transition to Rydberg states of the krypton atom. These transitions 
are observed in the PFI-ZEKE spectrum as a result associative and collisional 
ionization processes (from: Signorell, R., Hollenstein, U. and Merkt, F. (1998) 
unpublished results). 
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ionization can not only be recognized from the appearance of Rydberg series in 
the PFI-ZEKE and MATI spectra, they are also betrayed by the unusual appear- 
ance of the electron time-of-flight signals [64], and by the spectral sharpness of the 
atomic transitions (see Figure 6). 

5.5. SPACE CHARGE EFFECTS AND ELECTRON TRAPPING 

When intense radiation is used to record a PFI-ZEKE spectrum, as may be the 
case when photoexcilalion is achieved with femtosecond lasers or in a nonreso- 
nant, higher order multiphoton absorption process, very high concentrations of 
ionic species (> 10^ ions/cm^) can be generated. At such high concentrations, 
some electrons ejected by photoionization can be trapped in the inner parts of the 
ion cloud [66,67]. A fraction of these electrons is subsequently released when a 
pulsed electric field is applied, and then collected as PFI-signal in a PFI-ZEKE 
spectrum. If the high ionic concentrations are produced independently of the laser 
frequency, a constant background is observed over the complete frequency range 
of the PFI-ZEKE spectrum. This situation is easily recognized and unlikely to 
cause substantial interpretation problems. 
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Figure 7: PH-ZEKE spectrum of the X = 0-8) states of Ij recorded fol- 

lowing a {2+1’) multiphoton excitation via the pll3/2]c7s; 2p Rydberg state. The 
transition marked with an asterisk correspond to accidental A ^ X resonances 
at the one-photon level which lead to the production of ion concentrations high 
enough to induce electron trapping (from: Cocke tt, M.C.R., Goode, J.G., Lawley, 
K.P., and Donovan, R.J. (1995) J. Chem. Phys. 102, 5226-5234). 

More dangerous are situations in which high ion concentrations are gener- 
ated only at discrete frequencies, for instance when the ionization process is en- 
hanced at accidental intermediate state resonances in multipholon absorption 
processes. In this case a PFI-ZEKE line is observed at a position that does 
not correspond to a photoelectronic transition. Donovan and co workers [68] ob- 
served such processes, illustrated in Figure 7, in the PFI-ZEKE spectrum of I 2 . 
Next to the PFI-ZEKE lines that correspond to photoelectronic transitions to the 
X =0—8) states oflj recorded following a (2+1’) multipholon excitation 

via the 2^ Rydberg state, several lines, marked with an asterisk, can 
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be assigned to accidental A ^ X resonances at the one-photon level. The strong 
oscillator strength of these transitions, combined with the large laser intensities 
used to drive the transitions to the high Rydberg states by (2+1’) resonance- 
enhanced multiphoton absorption, induced ionic concentration sufficiently high to 
cause electron trapping [66, 68, 69]. 

6. Conclusion 

PFl-ZEKE spectroscopy and MATl spectroscopy are powerful and useful high 
resolution photoelectron spectroscopic techniques that are successfully applied to 
a wide range of important problems in many areas of chemistry. Because these 
methods are easily implemented experimentally, one is tempted to believe that 
they are also easy to use. The present review discusses several difficulties that are 
associated with these methods. These difficulties have their origins in the extreme 
sensitivity of high Rydberg states to even very small experimental perturbations 
and in the complex dynamical behavior of high molecular Rydberg states. The 
review stresses that a line observed in a PFl-ZEKE spectrum cannot always be 
blindly assigned to a photoelectronic transition and cannot always easily be at- 
tributed to a specific molecular system. 

Every time a new spectra is measured, a detective work has to be undertaken to 
clarify the assignment and rule out, or confirm, possible artifacts. Experimentally, 
this detective work is time consuming, but at the same time very stimulating and 
rewarding. It is difficult to prove that a line observed in a PFl-ZEKE spectrum 
actuaDy corresponds to a specific photoelectronic transition of a specific mole- 
cule. One way to reach certainty is to carry out the photoexcitation by resonant 
mutliphoton excitation via a well characterized transition of the neutral molecule. 
Often, however the molecules under study do not possess a suitable inteimediale 
state or are spectroscopically completely uncharacterized. Certainty must then be 
gained by other means. When several factors point in the same direction, one may 
approach absolute certainty [70]. These factors may be, for instance, that the ob- 
served spectral structure corresponds to what would be expected of the molecule 
under study and can be reproduced using a suitable hamiltonian and adequate se- 
lections rules, that the mass analysed spectrum supports the hypothesis of a given 
molecular weight, that one has verified that the PFl-ZEKE or MATl line shsq>es 
become broader or narrower when the pulsed electric field used experimentally are 
varied. 
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